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ABSTRACT

Global warming has become a central issue in the problem of environmental protection.
Sulphur hexafluoride (SFe) has excellent insulation and recovery characteristics;
however, this gas has significant Global Warming Potential ~23,900 times higher than
COa.. Therefore, to reduce negative environmental impact caused by SFes when this gas
is released into atmosphere, the power and pulsed power industries are actively
looking for alternative gases which can be used as insulating fluids in high voltage
power and pulsed power systems. Therefore, there is an urgent need to establish
breakdown properties and characteristics of common and environmentally friendly
gases in different topologies and energisation regimes. Thus, further understanding
of the transient pre-breakdown processes, dynamic properties of plasma streamers and
experimental breakdown characteristics of common and environmentally friendly

gases in a wide range of normalised pressures and electric fields is required.

The present thesis addresses this issue through: (i) the systematic investigation and
analysis of the swarm characteristics of air, N2, CO>, and SFs, (ii) the development of
analytical models for investigation of fast ionization process in these gases, including
drift-diffusion and kinetic models, (iii) the experimental investigation of the impulsive
breakdown properties of air, N2, CO. stressed with fast, sub-us high voltage impulses
with a rise time of up to ~50 ns in the pressure range from 6.5 kPa to 405 kPa, and (iv)

the analysis of breakdown properties of humid air with selected relative humidity.

The present work has conducted a comprehensive analytical, computational and
experimental investigation of transient events in common and environmentally
friendly gases and their impulsive breakdown characteristics. The breakdown
characteristics of the investigated gases have been obtained, and these data are
presented as field-distance and time-field characteristics. These obtained results will
help to optimize gaseous insulation for different power and pulsed power applications,
the findings will contribute to a better understanding of the development of the fast

pre-breakdown processes in gases. Thus, it will help to develop different gas-insulated



components for the HV power and pulsed power systems, such as fast plasma closing

switches filled with environmentally friendly gases and gas-insulated systems.
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Chapter 1 Introduction

1.1 Objectives of research

Gas-insulated high voltage pulsed power systems such as fast plasma closing switches
filled with gas and gas-insulated systems are widely used in the power and pulsed
power industries. In many of these systems, sulphur hexafluoride (SFe) is used as an
insulating medium. However, SFs is identified as a potent greenhouse gas with the
Global Warming Potential (GWP) of ~23,900; SFs molecules absorb substantially
more infrared radiation than CO> molecules. The absorption of infrared radiation by
SFe molecules is significantly higher compared to CO2 molecules, leading to an
increased amount of energy being trapped in the Earth's atmosphere. As a result, this

contributes to the phenomenon of global warming [Eves, 2018].

In order to help to achieve the ambitious goals in climate protection, environmentally
friendly gases should be used in newly-designed gas-filled insulation components and
elements instead of SFes; the retro-filling of existing systems can also be investigated.
Also, using common and environmentally friendly gases will help to introduce new
technologies in the traditional and pulsed power high voltage systems, such as plasma
closing switches [Schaefer, 1990], circuit breakers [Dick, 2000] and gas-insulated
systems [Haddad, 2004]. More information and an in-depth analysis and
understanding of the reliability of different gas-filled electrical insulation systems are
required to underpin this process. It can be achieved by analysing the transient
breakdown characteristics, the effects of electrode geometry, voltage waveform, and
polarity of voltage. Thus, innovative solutions in optimizing of different gaseous
insulation systems and components can be achieved based on the modelling,

simulation, and experiments.



The time-field breakdown characteristics are of particular importance for different
practical applications because the measurements performed under DC energization do
not provide information on the breakdown behaviour of the gas-insulated systems in

the case of high voltage transient events [Levatter, 1980].

The breakdown Paschen curves do not provide information on the pre-breakdown time.
Also, the breakdown voltage under pulsed conditions can differ significantly from the
breakdown voltage provided by Paschen’s law. The swarm parameters, including the
effective ionization coefficient and electron mobility, are required to model and
simulate the transient pre-breakdown processes. However, currently there is a lack of
accurate analytical equations which describe these parameters in a wide range of
electric fields. Moreover, there is a need for scaling relationships, which link the
breakdown field and time to breakdown with the gas number density and inter-
electrode gap. Such phenomenological scaling relationships will help in the analysis
and coordination of practical gaseous insulating systems. Furthermore, the impulsive
breakdown properties of the gases in sub-mm inter-electrode gaps stressed with short
sub-ps high-voltage impulses are not fully understood. Therefore, further analytical
and experimental investigation of the breakdown characteristics of the common gases

and gases with low environmental impact is required.

This project aims to study the fast transient process and time-field breakdown
characteristics in air, N2, and CO> and compare these characteristics with SFe. This
analysis is conducted using the drift-diffusion and kinetic models. The breakdown
characteristics for humid air are also analysed based on the streamer criterion. The
main objectives of this project are:

e Toinvestigate the swarm parameters (including the effective ionization and its
corresponding critical field, and the mobility coefficient) for air, N2, CO, and

SFe in a wide range of electric fields up to ~ 10* Td.
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e To develop a drift-diffusion model using accurate swarm parameters to model
fast ionization fronts and to obtain time-field breakdown characteristics for air,
N2, CO, and SFs.

e To obtain the time-field breakdown characteristics using the kinetic model
based on Meek’s avalanche-to-streamer criterion and to compare the obtained
results for air, N2, CO2, and SFe with the results obtained by the drift-diffusion

model.

e To conduct impulse breakdown experimental tests and to obtain the
breakdown characteristics of air, N2 and CO2 in a sub-mm gap at different

pressures using sub-us HV impulses of both polarities.

e To analyse the obtained volt-time, field-distance and time-field breakdown

characteristics for air, N2 and CO».

e To investigate the breakdown characteristics of humid air and to establish the
dependency of the swarm parameters for air on its humidity; to obtain the
breakdown voltage of humid air based on the avalanche-to-streamer transition

criterion.

The drift-diffusion and kinetic models were used to predict the breakdown
characteristics of air, N2, CO. and SFs and to compare these results with the data
available in the literature. However, due to technical limitations, only air, N2 and CO>

were chosen to conduct the experimental tests in the present work.

1.2 Thesis overview

This thesis consists of 7 chapters. Chapter 1 provides an introduction to this project.

Chapter 2 gives an overview of the breakdown mechanisms, the swarm parameters,
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modelling approaches, pulse forming line, and Blumlein topologies for generating HV
impulses. The simulation techniques and the impulse breakdown experiments
available in the literature are reviewed. The knowledge gaps in the previous research
are identified and discussed, and the objective of the present work is presented,

accordingly.

Chapter 3 analyses the swarm parameters in gases, including the ionization and
attachment coefficients, the effective ionization coefficient, the electron mobility, and
the diffusion coefficient. An accurate analytical representation of the swarm

parameters in air, N2, CO2, and SF is obtained in a wide range of electric fields.

Chapter 4 focuses on simulating fast ionization fronts and breakdown characteristics
using the drift-diffusion and kinetic models. Adopting the accurate analytical
representation of the swarm parameters obtained in the previous chapter, the
development of the ionization front in air, N2, CO2, and SFs has been investigated.
The term "accurate” used in the present work is based on interpretation of the
definition of “accuracy” provided in [Bevington 2003]: the accuracy of fitting by
analytical equations is a measure of how close the result of this fitting is to the
experimental data. The breakdown criterion has been introduced in the drift-diffusion
model. The time-field breakdown characteristics for air, N2, CO2, and SFe are obtained
by employing this criterion. The time-field breakdown characteristics are also
obtained using the kinetic approach, and these results from the two models have been

compared with the experimental measurement data from the literature.

Chapter 5 presents the experimental investigation of the impulsive breakdown voltage
of air, N2, and CO: in the needle-plane electrode topology with a gap of 100 pum.
Positive and negative HV impulses with a rise time up to ~50 ns were used to
investigate the impulsive breakdown characteristics of these gases in the pressure
range from 6.5 kPa to 405 kPa. All breakdown events occurred on the leading edge of
the HV impulses; thus, the time to breakdown and breakdown voltage were obtained
in the overvolted regime. The volt-time, field-distance, and time-field breakdown

characteristics have been plotted and analysed using different scaling relationships.
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The obtained scaling relationships will help in further analysis of the breakdown

characteristics of the gases used in the present research.

Chapter 6 investigates the breakdown characteristics of air with a relative humidity of
0%, 50%, and 100% at room temperature and atmospheric pressure in the uniform
field. The analysis of the effective ionization coefficients of air with different levels
of relative humidity as a function of the electric field is conducted. The critical field
and the breakdown voltage as functions of pd are obtained for humid air based on the

streamer criterion.

Chapter 7 concludes the results obtained using the drift-diffusion and kinetic models,
the experimental results on impulsive breakdown characteristics, and the analysis of
the breakdown characteristics of humid air. The main achievements of this work, its

novelty, contribution to the field of study, and potential future work are discussed.
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Chapter 2 Literature review

2.1 Introduction

In this chapter, the fundamental concepts and breakdown mechanisms are discussed,
and the swam parameters in gases are analysed. The modelling of the gas discharge
and breakdown process, including modelling approaches and numerical algorithms, is
discussed. Associated with the simulation work conducted in this thesis, several
analytical and computer models are presented and discussed. Following analysis of
the experimental results on impulse breakdown of gases available in the literature, a
detailed discussion of the experimental parameters and breakdown characteristics is
presented. This literature review provides a basis for the analytical and experimental

work conducted in the present research project.

2.2 Background

The study of gas discharges can be traced back to the early 19th century when arc
discharge was first discovered. In order to explain this phenomenon, the fundamental
gas discharge theory has been developed. In 1889, the empirical study on the
breakdown voltage in the uniform field was published [Paschen, 1889]. The study
introduced the scaling relationship between the breakdown voltage, gas pressure, and
gap distance, known as Paschen’s Law. Paschen’s Law states that the breakdown
voltage, Uy, is a function of (pd) the product of gas pressure, p, and the gap distance,
d, between the electrodes. Thus, the relationship between Upr and pd, Paschen’s
breakdown law was established. At the beginning of the 20" century, Townsend
[Townsend, 1901] initially discovered and analysed the electron avalanche in the
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uniform electric field at low gas pressure. This type of discharge mechanism is known

as the electron avalanche (Townsend discharge).

However, the Townsend theory is not applicable for longer inter-electrode distances
or the case of significant space charges [Meek, 1953]. It was found experimentally
that in these cases, the Townsend theory provides longer than experimentally
measured pre-breakdown times, and in order to address this discrepancy, a new
breakdown concept based on fast ionization waves (plasma streamers) was introduced.
It was suggested that the slow-moving electron avalanche might transform into a fast
ionization front (plasma streamer) if the specific avalanche-to-streamer criterion is

satisfied.

Raether, Loeb, and Meek, [Meek, 1940] described the streamer breakdown
mechanism and proposed the avalanche-to-streamer transition criterion postulating
that the space charge in the avalanche head causes a significant increase in the electric
field strength in front of the avalanche leading to its transformation into the plasma
streamer. The streamer theory allows for analysis of the gas breakdown behaviour in

a wider range of operating conditions, including longer distances (larger pd values).

Gas discharges underpin the operation of different high-voltage and pulse power
systems and components, including plasma closing switches and circuit breakers. Gas
discharges are also used in practical environmental, and biomedical applications
[Laroussi, 2012]. Many research papers focus on gas breakdown characteristics in
different electrode topologies and under different energization regimes.

With the advances in computer modelling, the numerical simulations of the transient
plasma processes in gases have attracted significant interest and become a highly

efficient method for analysing the pre-breakdown plasma fronts.

Knowledge of the ionization parameters and transport characteristics of electrons and
ions in gases is essential for modelling and simulation of gas discharges and

breakdown characteristics. The following sections will present and discuss the swarm
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properties of electrons in air, nitrogen, carbon dioxide and SFs based on the data
available in the literature. This comprehensive review and analysis of the available
swarm data underpin the development of analytical and computational models of the
fast pre-breakdown ionization waves in gases. That requires accurate mathematical
expressions of the critical transport and ionization parameters, such as the first
Townsend ionization coefficient and electron mobility. These swarm parameters are
presented as analytical functions of the electric field. These analytical equations will
be used in the computational model of the transient plasma fronts and in the kinetic

phenomenological model, which is based on the streamer breakdown criterion.

2.3 Swarm parameters in gases

Swarm parameters play a critical role in gas discharge modelling, which requires
highly accurate and reliable data. Following [Dutton, 1975] and [Carbone, 2021], it
can be stated that the swarm parameters, in general, include coefficients that describe
the generation and loss of charged particles, i.e., the ionization, attachment,
recombination coefficients, and transport parameters, including the drift velocity,

diffusion coefficient, and mobility.

The swarm parameters are generally expressed as functions of the reduced electrical
field E/N or E/p (the field strength E normalized by the particle number density N or
the pressure p), as the distribution function of the charged particles (electrons and ions)
is governed by the electric field and by the collisions between the particles in the gas
[Carbone, 2021].

The reduced electric field presented as E/N can be rearranged into E/p using the
isothermal equation of state for an ideal gas, p=NTks, where kg is the Boltzmann
constant and T is the temperature. The unit of measurement of E/N is Td
(1Td=10%' V-m?). This unit is used in transport, ionization, and breakdown analysis
[Dutton, 1975]. For example, in [Dutton, 1975] and [Gallagher, 1983], the swarm
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parameters were presented as functions of the reduced electric field E/N. In

engineering practice E/N often is converted into E/p.

2.3.1 Swarm parameters

The swarm coefficients are used to describe the generation and loss of the charged
particles due to collisions. These coefficients include the ionization, attachment,
secondary ionization, and recombination coefficients, which strongly depend on the

electric field.

The first (Townsend) ionization coefficient () is defined as the average number of
newly created electrons per unit length. These new electrons are generated by
collisional ionization processes by collisions with the neutral gas atoms or molecules
during their movement in the external field. a expresses the number of new electrons
(successful ionization events) produced by a single electron over a unit distance when

it moves in the external electric field.

The attachment coefficient () is defined as the number of electrons that attach to
atoms or molecules, forming negative ions when electrons travel a unit distance in an
electronegative gas. As mentioned, this attachment process leads to the formation of
negative ions in electronegative gases, such as SFs, molecules of which have a high
electron affinity. Air and CO; are weakly electronegative (attaching) gases, while N2
is electropositive, i.e., a non-attaching gas [Farish, 2004]. The processes involved in
the development of avalanches will be discussed in Section 3.2.

In order to describe the net rate of generation of electrons in the gas discharge process,
the effective ionization coefficient (a.ss) is introduced, which is defined as the
ionization coefficient (which characterizes the generation of electrons) minus the
attachment coefficient (which characterizes the loss of electrons). Thus, a. s provides

the net rate of ionization (number of generated electrons per unit length)

17



aeffz a—n (21)

i.e., the net number of free electrons generated by collisional ionization in any

electronegative gas.

a IN, n IN, as/N for air as functions of E/N are shown in Figure 2.1, [Lowke, 1995].
These coefficients are used as an example to describe the relationship between the

ionization and attachment coefficients and the effective ionization coefficient.

107% ¢
a0 1022
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5Cl.)
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E/N (Td)

Figure 2.1 « /N, 5 /N, ae#/N as function of E/N for air. Data adopted from [Lowke, 1995].
Figure 2.1 shows the reduced effective ionization coefficient (a.rs/N), which is the
difference between the reduced ionization coefficients (a/N) and the reduced

attachment coefficients (y/N).
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It is worth noting that, as expected, at low E/N, the reduced ionization coefficient (a/N)
is lower than the reduced attachment coefficient (#/N) as the attachment process
becomes a dominant process in this field region. When E/N is greater than ~105 Td,
the reduced ionization coefficient (a/N) becomes higher than the attachment
coefficient (/N) because the ionization process starts to intensify, resulting in the

production of significant number of free electrons in the stronger electric field.

Figure 2.1 shows that the reduced ionization coefficient, (a/N), the reduced attachment

coefficient, (#/N) and the reduced effective ionization coefficient, (a.sr/N) for air

depend strongly on the reduced electric field E/N [Morrow, 1997].

The reduced effective ionization coefficient (art/N) starts to grow when the reduced
ionization coefficient («/N) dominates over the reduced attachment coefficient (s /N).
It means that the net ionization starts to be a dominant factor if o> 0, thus the net
number of free electrons starts to increase. Otherwise, if the reduced attachment
coefficient (1 /N) is equal or greater than the ionization coefficient (a/N), the effective
ionization coefficient (aer/N) is zero (or nominally less than zero), that is, if aerr = 0,
there is no cumulative net ionization in the gas and discharge does not develop.

The secondary ionization coefficient (y) is defined as the number of electrons emitted
by each positive ion which strikes the cathode surface. Thus, the reciprocal value, 1/ y,
defines the number of positive ions which is required to produce a single secondary
electron from the surface of the cathode. y could be significantly lower than 1, i.e.,
multiple hits by positive ions are required to generate a single secondary electron from

the cathode surface.

In addition to the attachment process mentioned above that causes the loss of electrons,
the recombination process also leads to the loss of charged particles. The
recombination coefficient (£) is used to describe the recombination process, including
the recombination between electrons and positive ions, the recombination between

positive ions and negative ions.
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Although the critical field is not nominally a swarm parameter, it is an essential

characteristic which is closely related to the effective ionization coefficient. It is

defined as a value of the electric field at which the effective ionization coefficient is

zero, acry = (a —n) = 0. This normalized field is known as the critical field (E/N)cr

or (E/p)er, the critical field describes a threshold at which the net ionization starts to

be positive and grows with an increase in the field, leading to potential development

of an electron avalanche and complete breakdown.

As shown in Figure 2.2, the curves based on the results by [Morrow, 1997], [Morrow,

1986], the effective ionization coefficient for air and SFe (aer/N = (@« —n)/N) isa

function of the reduced electric field, E/N. Based on these results, it is possible to

identify the critical field (E/N)cr: ~108 Td in air and ~360 Td in SFe.

Oter /N (M)

1E-19 ==—v———

1E-20

1E-21

1E-22

1

1000

e
100 #

(E/N)_=108Td

|

(E/N),=360Td

EN (Td)

Figure 2.2 The effective ionization coefficient and critical field for air. Data adopted from [Morrow,
1997] and SF¢ [Morrow, 1986].
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When the effective ionization coefficient is zero, a.rr = (@ —n) = 0, the reduced
critical field E/p for air is ~27 kV/(cm -bar), and the reduced critical field E/p for SFe
is ~89 kV/(cm -bar) [Farish, 2004]. The critical field for SFe is significantly higher
(three-fold higher) than for air. When the field is lower than the critical field, there is
no net ionization in air and SFe. Thus, the avalanches will not develop, and there will

be no breakdown.

The effective ionization coefficient (¢ — n) as a function of the reduced field E/p for
SFs shows a pronounced increasing tendency compared with the effective coefficient
ot (E/p) in air. The critical field for air, CO2, N2 and SFe will be obtained from the

literature data and analysed in Section 3.3 of this thesis.

2.3.2 Transport coefficients

The transport coefficients are used to describe the movement of charged particles,
including the drift velocity, the mobility of charged particles, and the diffusion
coefficient; all these parameters may strongly depend on the electric field.

Drift velocity is defined as the particle velocity when the particle is drifting under the
influence of the electric field. Mobility is defined as a coefficient of proportionality
between the drift velocity and the applied electric field. Equation 2.2 describes the
relationship between the electron mobility, the electron drift velocity and the electric
field

W, = uE (2.2)

where, u is the electron mobility, W, is the drift velocity of electrons, E is the electric
field.
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To obtain p as a function of the reduced electric field E/N, Equation 2.2 can be

rewritten as

uN =W, /() (2:3)
This equation will be used to model the breakdown characteristics in the present work.

The diffusion coefficient, D, describes the particle drift from the high-concentration
area to the low-concentration area. Only the longitudinal diffusion coefficient is used
in the models developed in the present work. The transverse diffusion coefficient is
not considered here, as its effect is considered negligible [Tran, 2010a], [Georghiou,
2005].

2.4 Basic breakdown mechanisms

Two basic breakdown mechanisms are discussed in this section: the avalanche

breakdown mechanism and the streamer breakdown mechanism.

2.4.1 Townsend avalanche

J.S. Townsend proposed the avalanche breakdown mechanism [Townsend, 1897].
Based on the concept of the electron avalanche and the secondary electron emission
from the cathode surface, the process of gas discharge in the uniform field can be

explained as follows.

As shown in Figure 2.3, a single electron generated by an external source of ionizing
radiation (for example, gamma rays of photons) appears near the cathode; this electron
gains the Kkinetic energy and is accelerated by the electric field, it moves towards the

anode. When the energy is greater than the ionization energy of neutral atoms or
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molecules, that means a threshold energy for the ionization reaction, then the
ionization occurs in the gas producing more free electrons. Such a process (electron

avalanche) leads to an exponential increase in the number of electrons with distance.

A

E
ﬂ"'—ﬂ ﬂ 7 o

(a) °\° 0

(b)
Figure 2.3 Schematic representation of the ionization avalanche in gas: (a) impact ionization [Go,
2018] (b) Avalanche breakdown mechanism [Faircloth, 2014]

Therefore, the number of electrons n in the avalanche propagating over the distance
d towards the anode can be expressed as

n = nye*® (2.4)

where « is the primary ionization coefficient, d is the distance between the electrodes,

no is the initial number of electrons in the avalanche.
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The Townsend avalanche breakdown criterion is based on the transformation of the
non-self-sustained discharge into the self-sustained discharge. This transformation
occurs when the following condition IS met

y(e®** — 1) = 1. Typically y <<I, thus 1/y can be used to approximate [(1+y)/y])

ad = In (1/y) (2.5)

where, a is the primary ionization coefficient, d is the distance from the cathode to the

anode. y denotes the secondary ionization coefficient.

Paschen’s breakdown curve describes the relationship between the breakdown voltage
and the product of the gas pressure and the inter-electrode gap (pd). Figure 2.4 presents
Paschen’s curves for air, N2, CO2 and SFe. It shows that for the condition of a 1 cm
gap between electrodes at 1 atm, when pd =100 kPa-cm, the breakdown field of air is
E/p ~32 kV/cm/atm (E/N ~ 130 Td); the breakdown field of N2 is E/p ~29 kV/cm/atm
(E/N =~ 117 Td); the breakdown field of CO: is E/p ~47 kV/cm/atm (E/N = 190 Td);
the breakdown field of SFeis E/p ~88 kV/cm/atm (E/N = 356 Td).
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Figure 2.4 Paschen breakdown curves for common gases. Air: red line [Dakin,1974], N2: green line
[Dakin,1974], SFs: blue line [Dakin,1974], CO,: black line [Ollegott, 2020]

However, the Paschen scaling relationships may not be valid in the case of sub-
millimeter gaps. For example, Radmilovic [Radmilovic, 2014] found that the
breakdown voltage for the gaps shorter than 10 um is lower than the breakdown
voltage shown in the classic Paschen breakdown curve obtained for longer inter-

electrode distances; this behaviour will be discussed in Chapter 5.

2.4.2 Streamer breakdown

The streamer breakdown mechanism was proposed by Raether, Loeb, and Meek
[Meek, 1940]. This mechanism is based on transforming an avalanche (or multiple

avalanches) into a fast ionization front (streamer) when the number of electrons in the
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avalanche head reaches ~108. This condition forms the Meek criterion of the

avalanche-streamer transition [Dubinova, 2016].

Figure 2.5 (a) shows that free electrons are accelerated by the external electric field
Eex between the electrodes. Due to the higher mobility of electrons, the surplus of fast,
free electrons (initial electrons in gases may come from different sources, such as
cosmic rays, UV illumination) drifts at the head of the avalanche, while the heavier

positive ions are left in the tail of the avalanche.
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Figure 2.5 Schematic distribution of charged particles and electric field in an avalanche, Eey is
the external field [Faircloth, 2014]

The distribution of electrons and positive ions shows that the space charge in the
avalanche creates a new local electric field. Therefore, it has been seen from Figure
2.5 (b) that the electric field is enhanced at the head of the avalanche, as a result of the

intense space charge at the front of the avalanche.
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Two types of streamers, a negative streamer and a positive streamer, are shown in
Figure 2.6. The recombination process between electrons and positive ions leads to
the emission of photons, which may cause photoionization. Thus, additional smaller
avalanches can be created in front of a positive streamer.

[ - + ‘I - + '
Negative |+ - | |+ - | Positive
-" " | + - Streamer
Streamer .t - - + 7

Avalanche 7

Photons

+ (@ (b) i

Figure 2.6 (a) Negative streamer and (b) positive streamer [Dubinova, 2016]

In the case of a negative streamer as shown in Figure 2.6 (a), the propagation direction
is from the cathode to the anode, the photoionization may also occur, but only initial
seed electrons support the streamer development process [Dubinova, 2016]. The

breakdown eventually occurs when the streamer crosses the gap between electrodes.

Photoionization is an essential process in developing a positive streamer as shown in
Figure 2.6 (b), the incoming electron avalanches generated by photons are sucked into

the head of a streamer. These photons are emitted by the electron-ion recombination
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process [Ollegott, 2020] and help maintain the streamer propagation towards the

cathode.

The Meek criterion of avalanche-streamer transition will be used in the kinetic model
(Section 4.3).

2.5 Modelling approaches

Two simulation approaches used for modelling gas discharge and breakdown
processes are discussed in this section: the drift-diffusion approach and the analytical
kinetic approach. These approaches will be used in the present work in Chapter 4.
Also, the basic concept of numerical algorithms based on the finite element method is

also presented in this section.

2.5.1 Drift-diffusion model

The equations of the drift-diffusion approach are derived from the Boltzmann equation
to describe the generation and loss of the charged particles. This approach can be used
to model the development of the ionization front from its formation, including its

propagation through the gaseous environment.

The continuity equation contains the drift term, the diffusion term, time-dependent,
the particle source term, and the particle sink term. It allows to obtain the time-
dependant distribution of charged particles: the electrons, and positive and negative
ions, generated by ionization and attachment process and recombination reactions.
The particle distributions are coupled with Poisson’s equation to consider the effect of

space charge on the local electric field.

Following [Raizer, 1991], the number density of particles moving in the electric field

in a gas can be expressed as
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n
Fri V - (+vn — DVn) = particle Source term — particle Sink term (2.6)

where n is the time-dependent density of specific particles, D is the diffusion
coefficient, ¥ is the vector drift velocity, and the sign of the drift term depends on the
positive and negative charges and the electric field (v = uE). The particle source term
denotes the generation of particles, and the particle sink term describes the loss of

particles.

The number density of the electrons, positive ions and negative ions can be expressed
as

on,
ot
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where, n,, ny,, n,, denote the number density of the electrons, the positive ions and the
negative ions respectively; t is time; a is the primary ionization coefficient; 7 is the
attachment coefficient; g, is the recombination coefficient of the electrons and
positive ions; B, is the recombination coefficient of the negative ions and positive
ions; D,, Dy, D,, are the electrons diffusion, the positive ions diffusion and the negative
ions diffusion respectively; ., u,, u, are the mobility of the electrons, the mobility
of the positive ions and the mobility of the negative ions; E is the vector of electric
field.
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The local field influenced by the space charge is determined by Poisson’s equation

B e(np -n, — ne)
o0&y

P2 = (2.10)

where ¢ means the electric potential, g, is the vacuum permittivity, &, is the relative

permittivity, e is the elementary charge.

The Finite element method (FEM) has become the most acceptable numerical method
for solving partial differential equations (PDEs) based on weak formulation. The basic
concept of the FEM is to divide the continuum domain into elements, which form a
mesh. The node is the intersection of mesh lines, then approximated by the

interpolation functions at nodes or the Galerkin method [Tezuka, 2011].

The elements can be curved and unstructured. Due to this choice, the essential
advantage of the FEM is its ability to implement complicated geometries and different
boundaries. This method also allows for higher-order accuracy to be obtained [Dick,

2009], but it is computationally expensive.

COMSOL Multiphysics software is employed to solve partial differential equations
(PDEs). It is one of the most commonly used techniques for dealing with complex
multi-physics problems, such as the drift-diffusion model.

The drift-diffusion model can be implemented in COMOSL to examine the charge
density distribution over time and the electric field in the breakdown process,
[Georghiou, 2005], [Hagelaar, 2005], [Serdyuk, 2013].

The COMSOL Multiphysics software will be used to implement the drift-diffusion

model in Section 4.2.
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2.5.2 Kinetic model

Typically, the time to breakdown (tor) consists of two components: statistical and
formative time intervals. The statistical time is generally referred to as the time interval
from the moment of application of voltage to the moment when initial free electron(s)
which initiates an avalanche process appear in the gap. The formative time is
nominally the time interval which is required for the electron avalanche (ionisation

front) to bridge the gap between the electrodes.

The kinetic approach is based on the Meek avalanche-to-streamer criterion and
describes the critical transition from a slow electron avalanche to a fast plasma
streamer. The time required for the avalanche to develop the critical space charge in
its head (102 electrons) is significantly longer than the time required for the streamer

to bridge the remaining space between electrodes.

Thus, this time required for the critical charge development [Raizer, 1991] is
considered to be the time to breakdown in the Kinetic approach. This time is a function
of the ionization coefficient, frequency of ionization, mobility of electrons and the

normalized electric field.

According to the Townsend model, the charge, Q, in the avalanche head is a function

of the ionization frequency and time

Q xexp (v.t) (2.11)

As indicated by the Meek breakdown criterion (transition from avalanche to streamer),
the time interval required by a single electron avalanche to develop into the streamer
is the time at which the number of electrons reaches specific value of ~ 108 [Pedersen,
1967], [Schumann, 1923], [Petcharaks, 1999]. Therefore, it can be stated

Vionis thr =18 (2-12)
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where, v;,n;s IS the ionization frequency in the unit of 1/s, which is a function of the
product of the ionization coefficient and the electronic drift velocity; tyr is the time to

breakdown, which refers to the formative breakdown time.

As the statistical time has a stochastic nature it is difficult to include this time into
analytical models. Thus, in the present work the total time to breakdown will be

considered as the formative time only (Chapter 4).

2.6 Review of simulation techniques

Modelling is commonly used to analyse the complex streamer propagation and
breakdown processes. This section presents the research work focused on the
simulation of the pre-breakdown processes in gases, their breakdown behaviour is
presented, and the literature data are discussed and compared.

In [Dhali, 1987], the flux-corrected transport (FCT) technique was used in a two-
dimensional (2D) drift-diffusion model for simulation of the streamer development in
N2 at 760 Torr in the parallel plane electrodes with the gap separation of 5 mm. The
swarm parameters used in this model are inaccurate in the high field range. The
ionization coefficient as a function of E/N used by [Dhali,1987] shows a good
agreement with the experimental data from [Bowls, 1938] in the range of E/N from 60
Td to 500 Td only. However, when the electric field is above 500 Td, the analytical
equation for the primary ionization coefficient becomes inaccurate showing a lower

value of « than the experimental data.

Kulikovsky has investigated the positive streamer in a uniform field in air at
atmospheric pressure by using a 2D drift-diffusion model [Kulikovsky, 1997]. The
gap separation between electrodes was 1 cm. However, the available field range for

the ionization coefficient used in this model is only up to 800 Td, which means the
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model does not provide information on the ionization coefficients in the high field

range.

A 2D model of positive streamers in a 5 cm point-plane gap in air at atmospheric
pressure has been developed in [Morrow, 1997]. The modelling results obtained by
this model show that the positive streamer head develops when the applied voltage
is 20 kV, but the streamer does not reach the cathode and stops at 3.5 cm from the
anode; the total streamer development time was 10 ps. Although the analytical
ionization coefficients are used in the whole range of electric fields in this model, they

show visible deviation from the experimental values in the high field region.

Nikonov has employed the finite difference method (FDM) in the parallel-plane
breakdown numerical model of streamers in a short gap (0.05 cm) in the air at
atmospheric pressure [Nikonov, 2001]. This model is based on the continuity
equations. [Nikonov, 2001] provided the ionization coefficients as functions of the
electric field in a wide range of the field (no limitations are indicated). However, their
analytical ionization coefficient significantly differs from the experimental values

obtained in high electric fields .

Numerical modelling of streamers in the parallel-plate electrodes with a separation of
2 mm has been carried out by Kang [Kang, 2003]. Two-dimensional (2D) models were
developed and solved by FEM. However, in the models, the ionization coefficient as
a function of the electric field was used only for the fields lower than 1000 Td. The

paper does not provide the ionization coefficient for higher fields.

The finite element method (FEM), in conjunction with the flux corrected transport
algorithm (FCT), was used in a three-dimensional (3D) point-plane model of a
streamer in air at atmospheric pressure [Georghiou, 2005]. The authors compare their
computational results and demonstrate that the FEM-FCT is better than FDM-FCT
when the solution was obtained using the unstructured grids. However, the ionization
coefficient in the model is presented for an unspecified range of electric fields, and it
shows significant deviation from the experimental values in the high field.
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In [Ducasse, 2007], a two-dimensional drift-diffusion model of positive streamer in
the point-plane topology in air at atmospheric pressure has been developed. The gap
separation was 1 mm and the applied voltage was 3 kV. The results show similar
accuracy for both the FEM-FCT (finite element method - flux corrected transport),
and the FVM-MUSCL (finite volume method - monotonic upwind-centered scheme
for conservation-law) algorithm, but the computational cost of the FEM-FCT scheme
IS twice as expensive as the FVM-MUSCL. Furthermore, the ionization coefficient is
provided for electric field less than 1000 Td. No ionization coefficient for the high

field is provided in this paper.

Eichwald [Eichwald, 2018] has modelled a negative streamer in a parallel wire-wire
topology in air at atmospheric pressure using a fluid approach (drift-diffusion
approach). The simulation domain was a two-dimensional (2D) cylindrical symmetry
domain with a gap between electrodes of 1 mm. The positive applied voltage is used.
However, the model used the ionization coefficients, validated for fields less than 400
Td.

[Raizer, 1991] has provided the ionization coefficients for CO2 only in a narrow range
of'the fields between ~1500 Td and ~3000 Td. The work conducted by Sandia National
Laboratories [Sandia, 2003] does not provide the ionization coefficients for the field
above 2500 Td in air and 2000 Td in N.. [Hagelaar, 2005] provides the ionization
coefficients for SFe in the extensive range of electric fields, but their analytical
ionization coefficients show a visible deviation from the experimental values at high
fields.

Such deviation may cause significant inaccuracy when modelling transient discharges
and breakdown processes, especially in the high electric field. In order to address this
issue, a comprehensive analysis of the available experimental and analytical values of
the ionization coefficients for different gases is required. Accurate analytical equations
for the swarm parameters will underpin modelling of the fast transient processes in

gases, which is required for different practical power and pulsed power applications.
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In the literature, the analytical equations for the swarm parameters including the
effective ionization coefficient and electron mobility are available only in the limited
range of electric fields. This restriction may lead to inaccuracies in simulation results
if the used model(s) will rely on this limited range parameters. Thus, accurate
representation of the swarm parameters in the wide range of electric fields is required
for modelling of the transient plasma events in gases, including the transient pre-
breakdown processes. Chapter 3 will discuss the comparison of the literature and
experimental data and will provide an analytical representation of the effective

ionization coefficients for air, N2, CO2 and SFe.

2.7 Review of experimental data

The breakdown results can be different for different experimental conditions, for
example, for different impulse waveforms, shapes of electrodes, gap distances, the
presence or absence of initial ionizing photons and the measurement methodology.
The following sections will provide an overview of the experimental tests regarding
the methodologies and measurements taken from the selected literature for different

gases.

In [Felsenthal, 1965], Felsenthal and Proud provide the results of their experimental
breakdown characteristics of air and N obtained in the impulsive regime in the
uniform field. HV impulses with the rise time from 0.25 ns to 1.0 ns were used. The
gap separation was from 0.13 cm to 6.0 cm. The pressure range was from 1 mmHg to
760 mmHg. A source of ultraviolet light was used to illuminate the cathode. The
applied voltage was from 5 kV to 30 kV for air and from 4 kV to 20 kV for Na.
However, it is noted that the time to breakdown is the formative time (tr). The results
provided in this paper include the reduced electric field (E/p) as a function of the
product of the pressure and formative time to breakdown (ptr) for air; the measured
formative time is from 0.5 ns to 18 ns. For N2, the formative time is from 0.4 ns to 25

ns. The results show the time-field breakdown characteristics in the wide range of the
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field. The highest electric field used in the air tests was up to 20000 Td and up to
10000 Td in Na.

Mankowski, Dickens, and Kristiansen [Mankowski, 1998] have presented the test
methodology and breakdown results in air and N2. A Marx-bank-driven pulse forming
line was built and delivered a voltage pulse of about 750 kV, with a rise time of ~400
ps and a pulse duration of 3 ns. For air, two electrode geometries were used to
investigate the breakdown characteristics, including a hemispherical electrode with a
gap distance from 1 mm to 3 mm at the pressure range of 100 kPa to 5.2 MPa, and a
point-plane electrode with a gap from 2 to 4 mm at the pressure of 1.38 MPa and 2.75
MPa. Both polarities were used. The results show that for the point-plane electrode
system, in the range of the breakdown time from 0.5 ns to 2 ns, the breakdown field
for negative polarity is higher than the breakdown field in the case of positive polarity.
Hemispherical electrodes with the gap separation from 1 mm to 3 mm were used to
obtain the breakdown characteristics of N in the pressure range from 240 kPa to 4.1
MPa. The breakdown electric field strength (E) as a function of the breakdown time
(tor) was obtained for N2 in this pressure range. It is noted that the electric field was
calculated as the applied voltage divided by the gap separation (even for the point-
plane geometry). The breakdown time is the total time to breakdown (tur), which is
defined as “the time between the arrival of the incident voltage at the gap and the
collapse of the voltage across the gap” [Mankowski, 1998]. The time-field breakdown
characteristics in air were obtained for the fields lower than 3000 Td.

Kawada, Shamoto, and Hosokawa [Kawada, 1988] have performed experimental
measurements of the breakdown characteristics in the uniform field in air and N2 under
impulsive voltages. The HV pulses with a 10.8 ns rise time and a half peak width of
30 and 74 ns were used in their tests. The pressure was in the range from 330 Torr to
1520 Torr (~44 kPa to ~ 202 kPa), and the gap distances between electrodes were 1
cm, 2 cm, and 3 cm in these experimental tests. Ultraviolet light produced by an
external source was directed to the cathode. The authors obtained the breakdown

voltage as a function of the product of the pressure (p) and the gap distance (d),
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for pd from 1 atm-cm to 2.5 atm-cm. However, the result of breakdown time was not

reported by the authors.

In [Dick, 2000], the investigation of the N2 breakdown behaviour in the electrode
system formed by hemispherical electrodes at different pressures has been performed
by stressing the electrodes with voltage pulses with a rising time of 55 ns and a
duration of 160 ns. The gap distance between the electrodes was 0.7 mm. The
relationship between the reduced breakdown field (E/p) and the pressure (p) for N2
was plotted and showed a linear decreasing slope of breakdown field (E/p) in the
pressure range from 0.1 MPa to 4.93 MPa. The authors discussed that a significantly
higher breakdown voltage could be achieved for HV impulses with sub-nanosecond
rising time. The breakdown time was measured to explain the relationship between
the electric field and the breakdown time.

Carboni, Lackner, and Giri [Carboni, 2001] designed monocone-plate and point-plane
test systems to investigate the impulsive breakdown characteristics of different gases
at different pressures. The Marx generator was used to generate the high voltage
pulses with a rising time of ~300 ps and duration of 5 ns. The gap distance between
electrodes was set to 0.091 cm in the monocone-plate test system and to 0.18 cm in
the point-plane test system. The authors reported the following experimental results:
the breakdown field as a function of the pressure and the breakdown field as a function
of the stress time for air and N> at the pressures from 30 atm to 100 atm. But it should
be noted that the effective stress time (tefr), which was introduced in this work, was

defined as the time interval from 89% to 100% of the breakdown voltage.

An experimental investigation of the breakdown characteristics in the parallel-plane
electrodes in air at different pressures in both, single and repetitive modes under ns
pulse energization has been undertaken by Shao [Shao, 2006]. The breakdown field
was defined as the breakdown voltage divided by the gap distance between the
electrodes. The breakdown time lag (7) was defined as “the time interval between the
initial spike and subsequent large current rise” [Shao, 2006]. In the single pulse tests,

the gap length between the electrodes was set to 10 mm with an accuracy of + 0.1 mm.
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The pressures of 0.1 MPa and 0.2 MPa were used. The single voltage pulses with a
magnitude of 100 kV, a rising time of ~10 ns, and a half-peak duration of (20 - 30) ns
were applied to the electrode system. The result of these tests was the breakdown time
lag (z) as a function of the gas pressure (p). In the repetitive pulse tests, HV impulses
with a rate of 1 pulse per second were applied to the electrode, the gap distance of 15
mm was used, and the electric field in these tests was 66.7 kV/cm. The results of these
tests include the reduced breakdown field (E/p) as a function of the product of the
breakdown time lag and the pressure (pz). These characteristics were obtained in the
E/p range from 60 V/(cm-Torr) to 160 V/(cm-Torr) (~181 Td to ~484 Td).

In [Ivanov, 2016], the experimental tests were carried out in N at pressures of 5 atm,
10 atm, 20 atm, and 40 atm in the electrode system with the adjustable gap separation
from 0.25 to 3 mm (0.05 mm error) in the uniform field. The overvoltage regime was
used, and HV pulses with a rise time of 250 ps were used in these tests. Ivanov and
Sharypov discussed the differences and effects of varying the pressure (p) and the
electrode gaps (d) on the breakdown voltage (Uor) and the breakdown formation time
(torm). The breakdown voltage (Upr) as a function of the product of the pressure (p)
and the gap distance between electrodes (d), the reduced breakdown electric field E/p
as a function of the product of the breakdown formation time ttrm Were obtained. The
results show that the average breakdown field decreases with an increase in the
pressure and breakdown formation time (tform). It is noted that the breakdown
formation time (trorm) was introduced and defined as “the time passed after applying
voltage to the gap until amplitude value Uy is reached.”

Kumar, Huiskamp and Pemen [Kumar, 2021] have performed the experimental
measurements of the impulsive breakdown characteristics of CO> in the rod-plane and
point-plane geometries using positive and negative polarity. The HV impulses with
the total rise time of 2 ps and the fall time of 160 ps were used in these breakdown
tests. The breakdown voltage (Uyr) as a function of the gas pressure (p), and the
breakdown voltage as a function of the breakdown time lag are provided for both
polarities. For the rod-plane breakdown tests conducted in CO; at different pressures,

the pressure in the range from 0.1 MPa to 0.3 MPa was used. The gap separation from
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the rod electrode with a diameter of 20 mm to the plane electrode was 30 mm. The
maximum electric field was calculated using COMSOL Multiphysics software. It has
been observed that the breakdown field for the positive impulses is higher than that
for the negative impulses at the increased gas pressure. The breakdown time lag shows
a decreasing trend with an increase in the breakdown voltage. For the point-plane tests
in CO., the gap distance between the tip of the point electrode with a diameter of 1
mm, which was attached to a sphere with a diameter of 40 mm, and the plane grounded
electrode was 15 mm. The pressure in the range from 0.1 MPa to 0.5 MPa was applied.
It can be seen from the experimental results that the breakdown voltage for the positive
polarity impulses is much lower than that for the negative polarity impulses. It is noted
that the breakdown time lag is defined as “the time duration between half the
maximum amplitude of the pulse.” [Kumar, 2021]. The results (time-field breakdown

characteristics) were obtained for the fields up to 200 Td only.

Following this comparison of the experimental settings and breakdown characteristics,
this section also discusses the original experimental results. For the purpose of finding
a scaling relationship between the breakdown time, breakdown field and the particle
number density, the field-time breakdown characteristics will be used in the present
work. It is proposed to conduct this comprehensive analysis in order to establish the
scaling relationship between the product of the time to breakdown and the particle
number density and the reduced electric field for different gases in a wide range of the

electric fields, E/N, in the impulsive, sub-us breakdown regime.

It is known that both time to breakdown and breakdown electric field positively
correlate with the particle number density, N. There is evidence that if N is changed
by changing gas pressure or temperature, the product of the time to breakdown and
the number density (tN) and the reduced electric field, E/N, are changed. Thus, it is
important to assess the sensitivity of the breakdown characteristics to changes in these
parameters. Also, it is of great interest to obtain the time-field breakdown

characteristics for larger values of E/N.
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It also has been noticed that Felsenthal and Proud used the formative time, tr, to obtain
the field-time breakdown characteristic of various gases stressed with the fast-rising
pulsed voltage in the uniform field [Felsenthal,1965]. From another point of view,
Carboni used the effective stress time, tefr, defined as the time interval between 89%
and 100% of the breakdown voltage [Carboni, 2001] to plot the field-time breakdown
characteristics. Other researchers obtained the breakdown time, defined as the time
interval from the moment of voltage application to the breakdown moment i.e., the
voltage collapse moment. Such impulse waveforms, their rise time, duration, and fall

time described above are classified as non-standard waveforms of HV impulses.

In addition, the breakdown events were obtained under different test conditions, for
example with or without UV illumination. For example, [Kawada, 1988], [Felsenthal,
1965] used UV light to stimulate the development of breakdown, whereas other
research papers discussed here did not. The UV illumination directly affects the
statistical time, i.e., the time required for the first electron to appear in the gap. The
statistical time during the breakdown process will be significantly shortened or
completely eliminated in this case. Thus, it is difficult to compare the reported

breakdown results directly if the test conditions are different.

As shown in Table 2.1, different conditions used in the experimental tests by different
authors make it difficult to conduct a direct comparison and analysis of the obtained
results. For example, different definitions of breakdown time, rise time and delay time
are used by different authors. It may be problematic to discriminate the impact of each

of these factors on the breakdown characteristics.

Therefore, it is essential to establish a specific methodology of investigation of the
breakdown voltage and time to breakdown to examine the breakdown characteristics.
This will help to evaluate and provide further understanding of the breakdown

characteristics in transient regimes.
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Table 2.1 Comparison of experimental conditions

Distance | = | Breakdown
. Rise time of Test o
Literature Gas | Geometry between » characteristics
waveform | condition
electrodes measured

Air | Parallel-plane |1.3 to 60 mm|0.25 to 1 ns|UV illumination [Upr, tf
[Felsenthal, 1965]

N, | Parallel-plane |1.3 to 60 mm|0.25 to 1 ns|UV illumination

| Hemispherical Ubr, tor
Air 1to3mm 400 ps
electrodes

[Mankowski, 1998] | Air | Point-plane | 2to4 mm 400 ps

Hemispherical
N2 1to 3 mm 400 ps
electrodes

[Kawada, 1988] Air | Parallel-plane | 10to 30 cm | 10.8 ns  |UV illumination [Upy

N2 | Parallel-plane | 10to 30 cm | 10.8 ns  |UV illumination

[Dick, 2000] N, | Hemisehenicall o | ssns U
profile
Air Monocone 0.91 mm 300 ps Ubr, teft
[Carboni, 2001] N2 Monocone 0.91 mm 300 ps
N2 | Point-plane 1.8 mm 300 ps
[Shao, 2006] Air | Parallel-plane 10 mm -10 ns Upr, T
N2 | Parallel-plane 10 mm -10 ns
[Ivanov, 2016] N, | Parallel-plane |0.25 to 3 mm| 250 ps Ubr, trorm
[Kumar, 2021] CO2 | Rod-plane 30 mm 2 Us Upr, T
CO; | Point-plane 15 mm 2 Us
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2.8 Pulse forming line and Blumlein topologies for

generation of HV impulses

This section overviews the basic pulse power topologies used in the present work to
generate defined HV impulses. This analysis underpins the development and
characterization of the Blumlein power generator system, which will provide support

for the experimental work in Chapter 5.

Pulsed power is a technology of increasing instantaneous power by accumulating and
storing electrical energy over a comparatively long time interval and then releasing it
in a much shorter time interval. This technology can be used in different pulsed power
applications, such as the generation of electrical discharges in gaseous, solid and liquid
dielectrics, generation of transient plasma for different practical applications,
[Mesyats, 2005].

High voltage pulses can be generated by accumulating energy in a capacitor, and then
releasing this energy into a load using closing switch [Mesyats, 2005]. Pulse
generators generally can be categorized into two main types: the circuits based on
capacitive energy storage and transmission line-type pulse generators [Glasoe, 1948].
In terms of transmission line-type pulse generators, the pulse forming line (PFL) is
one of the well-known topologies used to generate defined HV impulses. The basic
PFL circuit consists of a transmission line (coaxial cable) charged through a charging
resistor and a closing switch connected in series to a load. A schematic diagram of the

basic PFL circuit is shown in Figure 2.7.
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Figure.2.7 Basic PFL circuit [Wilson, 2011]
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In Figure 2.7 V is the voltage of a DC charging source, Zicad represents the load
impedance, R isthe charging resistor, TL is the loss-free transmission line. Zo is the
characteristics impedance of the transmission line, defined as

2 =TT 213)

where L’ and C’ are the distributed inductance and capacitance of the transmission
line.

The value of the characteristic impedance depends on the geometry of the line, relative
permittivity and relative permeability of the insulating material of the coaxial cable.

The velocity of propagation of impulse along the transmission line, up, is

Up = e, (2.14)

where, u,, is the velocity. ¢ is the speed of light. u,. is the relative magnetic

permeability, and ¢, is the relative electrical permittivity.

Initially, the transmission line is charged to a source voltage V through the charging

resistor. When switch Sz closes, the impulse with a magnitude of half the charging

43



voltage and duration of two transient times is generated across the load. If the load
impedance is equal to the impedance of the transmission line, there will be no

reflections in the circuit and a well-defined HV impulse will appear across the load.

The Blumlein generator is another topology commonly used to generate HV impulses,
this topology was proposed by Alan Blumlein in 1937. The circuit shown in Figure

2.8 is a schematic representation of the Blumlein pulse generator. This topology is
used to produce HV impulses with the same magnitude as charging voltage, V. A fast
rise time can be achieved using this Blumlein topology. A DC source is used to charge

the transmission lines through charging resistor R1, and a load is connected directly
between two transmission lines.

When switch Si is closed, the output impulse appears across the load. If the load
impedance equals the impedance of the transmission line multiplied by 2, Zicad = 2Zo,

the output voltage impulse across the load will have a trapezoidal waveshape shown
schematically in Figure 2.9.

v R1 TL+ TL,
l 0z (O—) 2z ()
81\ L Zload

Figure. 2.8 Blumlein circuit [Wilson, 2011]
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Output Voltage

t1 - t2
Time

Figure. 2.9 Output voltage waveform of the Blumlein circuit across matched load

The Blumlein pulsed power topology was used in this work to produce high voltage
impulses to study the breakdown characteristics of different gases. Sections 5.2-5.3

will describe and model the Blumlein pulsed power generator used in the present work.

There are two main reasons which underpin selection of the Blumlein generator for
the experimental tests. This generator provides a fast rise time and high dV/dt, and it
does not store a significant amount of energy, thus the overvolted regime is achieved

and the erosion of electrodes is minimized.

2.9 Discussion and conclusion

The basic breakdown mechanisms have been discussed in the present review. In order
to model the gas discharge processes and breakdown characteristics, the swarm and
transport parameters of gases are required, these parameters have also been discussed

in this chapter. The simulation approaches used to model fast transient plasma
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processes in gases have been presented and discussed. Moreover, the experimental
results on gas discharges and breakdown behaviour of different gases available in the

literature have been described and analysed in this chapter.

The electron swarm parameters play an important role in modelling of fast ionisation
processes in gases. The accuracy of the analysis of the pre-breakdown processes and
breakdown characteristics in different gases and different electrode topologies
depends on information on the swarm parameters. The research completed to date
highlights the requirements for analytical representation of the swarm parameters in a
wide range of electric fields. Nevertheless, in many publications these parameters are
provided only for a limited range of E/N; for example, in the models presented by
[Kulikovsky, 1997], [Serdyuk, 2013], [Eichwald, 2018] the ionization coefficients
were provided only for electric fields which do not exceed 1000 Td.

However, the reduced electric fields above 1000 Td are used in different practical
applications, such as gas-filled plasma closing switches. Therefore, analysis of the
breakdown behaviour of different gases requires further understanding and detailed
information on the swarm parameters in such high electric fields. Accurate and
efficient model(s) of complex discharge processes in common and environmentally
friendly gases are required for optimisation of gaseous insulation in different HV

power and pulsed power applications.

These models and the obtained results will contribute to further understanding of the
breakdown behaviour of gases and will help to optimise and coordinate gaseous
insulation in different high voltage applications. The detailed analysis of the transport
and ionization parameters in air, N2, CO., and SFe will be examined in Chapter 3, and

the analytical models will be presented and discussed in Chapter 4.

Furthermore, it is of great interest to investigate experimentally the time-field
breakdown characteristics of common and environmentally friendly gases in a wider

range of E/N in the impulsive, sub-us breakdown regime.
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As discussed in Section 2.7, the breakdown time presented in the literature is typically
measured under different experimental conditions. Thus, it is often problematic to
conduct direct comparison between breakdown characteristics presented in different
research papers. To provide better understanding of the breakdown characteristics in
impulsive breakdown regimes, it is vital to establish an accurate—measurement
methodology and to examine the time-field breakdown characteristics of common and

environmentally friendly gases.

Thus, the main objective of the experimental part of this work is to investigate the
breakdown characteristics of air, N2, and CO> stressed with sub-ps HV impulses in
the electrode topology formed by the needle-plane electrodes in a wider range of
electric fields. The detailed description of the experimental system used in this work
and the obtained results will be presented and discussed in Chapter 5.
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Chapter 3 Swarm parameters in air, N,
CO, and SFG

3.1 Introduction

The swarm parameters, including the swarm coefficients and transport parameters of
electrons in different gases, have been discussed in Chapter 2, that presents an
overview of the data currently available in the literature, the progress in modelling of
the plasma fronts, and the limitations of current approaches. In order to improve the
accuracy of modelling and to increase the range of applicability of simulation models,
it is necessary to obtain accurate analytical functions of the swarm parameters in a

wide range of electrical fields.

This chapter aims to examine the key swarm parameters: the main transport
coefficients (the drift velocity, the mobility and the diffusion coefficient); and the
parameters used in the streamer modelling: the first ionization (Townsend)
coefficients, the electron attachment coefficient and the net electron production rate
per unit length. These swarm parameters will be presented as functions of the reduced
electric field, E/N.

Also, the critical field, i.e., the field at which (a-17)=0, is obtained for different gases.
The comprehensive study of the experimental data available in the literature is
conducted in the present chapter. The literature data on the swarm parameters in air,
N2, CO», and SFs are collected and thoroughly analysed. As a result of this study, the
analytical expressions for the swarm parameters as functions of the reduced electric
field are obtained by finding and fitting the most suitable analytical functions to the

experimental data. This study provides analytical expressions for the swarm
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parameters for the selected gases in a wide range of electric fields, that will underpin

the drift-diffusion and kinetic modelling of the fast ionization fronts in these gases.

The developed analytical expressions for the effective ionization coefficients are used
to determine the critical field, which aims to evaluate potential differences in the

breakdown behavior of air, N2, CO2, and SFe.

Following that, the products of the electron mobility and gas number density are
plotted as a function of the reduced electric field for air, N2, CO2, and SFe. These uN
functions are fitted with analytical fitting lines for the further use in the drift-diffusion

and kinetic models.

3.2 lonization, attachment and effective I1onization

coefficients

A significant number of experiments have been conducted to investigate the swam
parameters in gases, and their results are available in the literature. For example,
Dutton [Dutton, 1975] provides experimental data on the electron swarm parameters
in different gases, including their transport and ionization coefficients. Gallagher
[Gallagher, 1983] reports the data on the electron swarm coefficients in the
electronegative gases, including SFs, CO2, air, and O2. Morrow [Morrow, 1997]
provides the functional equations of the swarm parameters in air. [Dutton, 1975],
[Gallagher, 1983], [Morrow, 1997] used the first ionization coefficients normalized
by the particle density (a/N) as functions of the reduced electric field (E/N) to express
the relationship between the ionization coefficient and the electric field. The
attachment coefficient also was normalized by the particle number density (n/N) and
presented as a function of the reduced electric field (E/N) to express the relationship
between the attachment coefficient and the electric field. Moreover, Nikonov
[Nikonov, 2001] proposes an air discharge model employing the fitting function for
the ionization coefficient («) as a function of the reduced electric field (E/p) and the

attachment coefficient () as a function of the reduced electric field (E/p), similar
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parameters used in [Novak, 1988]. Furthermore, [Sandia, 2003] presents the results of
breakdown modelling in different nonuniform geometries in air and provides the

effective ionization coefficient for air normalized by pressure (a.¢/p) as a function

of the reduced electric field (E/p).

The ionization and attachment processes can be expressed as: the reduced first
ionization coefficient (a«/N or a/p) as a function of the reduced electric field (E/N or
E/p), the reduced attachment coefficient (7/N or 7 /p) as a function of the reduced
electric field (E/N or E/p), and the reduced effective coefficient (a. /N or a.¢/p) as
a function of the reduced electric field (E/N or E/p).

To identify potential disagreements between different representations of the ionization
and attachment coefficients, the coefficients that are expressed as the effective
ionization coefficients obtained from the literature have been presented in a single
graph for each gas. These coefficients have been normalized and plotted as reduced
effective coefficients (ar/N) (E/N) in Figures 3.1.1-3.4.2.

After presenting all available experimental and analytical coefficients in a single graph,
these data have been fitted with the selected analytical functions using the OrginPro

graphing software.

3.2.1 Air

Table 3.1 presents the analytical equations for the ionization, the attachment and the
effective ionization coefficients for air obtained through comprehensive analysis of
the available literature data. The analytical equations for the coefficients are provided

together with the field ranges in which they are valid.
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TABLE 3.1
Analytical equations for o /N, n/N and a,¢/N in air

Analytical equations for ionization and attachment

Air o
coefficients
a/N(m?)=2-10716-exp (—7.248
E
-10715/ (—/1017>) -10~*
N
E/N > 150Td
E
=6.619-10717 - exp (—5.593 - 10715/ (N/1017>)
-107%
E/N < 150Td
[Morrow,1997] E
n _ _ N _
N (m?) = (8.889-107> - Tor7 | +2:567-10 19)
-107%
E/N > 150Td
E
_ 10-4. N _|_ .10-19Y . 10—
= (6.089-10 4 017 2.893-10 19) 10~

70Td < E/N < 150Td

E
oa /N(m?) =1.4-1071% - exp (—660/ <N)) -107*

i E
[Kulikorsky,1997] % (m?) = 6-10-1% - exp (—100/ (ﬁ>) .10~

10Td < E/N < 800Td
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E
a /N(m?) =1.18-1072 - exp (—701.08/ <N>)
E/N < 327.24Td
E
=4.4-1072% - exp (—1080.45/ <N>)
E/N > 327.24Td
n/N (1/m) = max (13.55/(E/N)/N; 4.88
E 2
L1074 (=
107 (5) /M)
[Nikonov,2001] E/N < 30.3Td

2

E
=4.88-107* (—)
N

30.3Td < E/N < 151.5Td

E

0.5
~0.91 (ﬁ) N
151.5Td < E/N < 272.7Td
— 81.57 (%)O'S/N

E/N > 272.7Td

E
aepr /N (m*) = 4.55-1072° - exp (—1107.77/ (N))

E;/N < E/N < 2424Td

. E
[Sandia, 2003] = 2.36-10720 - exp (—749.19/ <ﬁ>

60.6Td < E/N < E,/N
E;/N = 545.4Td

Qorr /N (M?) = 4.77 - 1074 - (E —94.7)2-10~*
eff -_ . N .

[Eichwald,2018] 10-18

94.7Td < E/N < 400Td
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The analytical equations obtained for the reduced ionization and attachment
coefficients in air are based on data by [Morrow, 1997], [Kulikovsky, 1997], and
[Nikonov, 2001]. The reduced effective ionization coefficient in air is based on the
results by [Eichwald, 2018], [Sandia, 2003], Table 3.1. The obtained equations for
a.rr have been normalized by N and converted into a/N, n/N and a.¢/N in Sl units

for further use in the drift-diffusion and kinetic models.

For the purpose of comparing the coefficients in a complete picture, the reduced
effective ionization coefficients in air (a.rr/N) presented in Tables 3.1-3.4 have

been plotted as functions of the reduced electric field (E/N) in Figures 3.1.1-3.4.2

using OriginPro graphing software.
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Figure 3.1.1 cen/N as a function of E/N in air. Experimental data: [, [Sanders, 1933]; x [Masch, 1932].

Fitting curves: dashed line, [Eichwald, 2018]; short, dashed line, [Kulikovsky, 1997]; grey short, dotted
line, [Morrow, 1997]; dashed dotted line, [Nikonov, 2001]; solid grey line, [Sandia, 2003]. Fitting curve:
solid blue line, the present work. Es/N represents the transition between different fitting curves from
[Sandia, 2003] and [Nikonov, 2001]; Ema/N represents maximum value of E/N for fitting curves
[Kulikovsky, 1997] and [Eichwald, 2018]. (E/N)cic shows the asymptotic value of the critical

normalized field

[Kulikorsky, 1997], [Sandia, 2003] and [Eichwald, 2018] provided their analytical
expressions for the swarm parameters only within the limited range of electric fields
in Figure 3.1.1. [Morrow, 1997] and [Nikonov, 2001] report these coefficients for a
wider range of E/N. However, their analytical expressions show notable deviation
from the experimental data provided in [Sanders, 1933] [Masch, 1932]. It has been
found that these coefficients are lower than the experimental data in the range of fields
from ~150Td to ~1500 Td, especially when the electric field is higher than 600 Td.
For these high fields, the expressions given in [Kulikorsky, 1997] and [Morrow, 1997]
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show significantly lower values of the ionization coefficient as compared with the

experimental data by [Masch, 1932].

Therefore, it is important to address this issue of discrepancy between the analytical

expressions for the ionization coefficient available in the literature and the

experimental data. For accurate modelling of the fast transient processes, it is

necessary to establish accurate analytical expressions for the swarm coefficients in a

wider range of electric fields.

1E-20

(Ema% N)Eichwald

ae/N (m?)

1E-21

4 INikonov,2001]
s

PN 1 PRREET SRS SR TR NN RN TR TR TR SAN TR TR T SN [N NN S INF O I RO AN 1

(Ema/N)Kuhkovsky

[Morrow,1997]

air

400 600

E/N (Td)

800

1000 1200 1400

Figure 3.1.2 A zoomed view of Figure 3.1.1 in the range of the normalized electric field E/N from

~300 Td to ~1500 Td.

Figure 3.1.2 presents a zoomed view of a section of Figure 3.1.1. As Figure 3.1.2

shows, there is a discrepancy between different representations of the ionization

coefficient available in the literature, especially in the range of the normalized electric
field from ~300 Td to ~1500 Td. There are abrupt changes (kinks) in the ionization
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coefficient curves obtained by [Sandia, 2003] and [Nikonov, 2001], which represent

the transition between different parts of the fitting curves.

The maximum field value, Emax/N, represents the maximum value of E/N for each
specific fitting range. For example, [Kulikovsky, 1997] and [Eichwald, 2018] provide
their fittings within the limited range of electric fields for Emax/N < 800 Td.

The ionization coefficient obtained by [Nikonov, 2001] is fitted with a good accuracy
in the range of high electric fields, from ~700 Td to ~1500 Td. Nevertheless, this
fitting provides the ionization coefficient lower than the experimental values for lower
electric fields, between ~150 Td and ~400 Td.

Furthermore, the magnitude of the ionization coefficient provided by [Morrow, 1997]
and [Kulikovsky, 1997] is slightly underestimated in the range of E/N between ~150
Td to ~350 Td compared with the experimental data given in [Sanders, 1933].
However, with an increase in the electric field, the magnitude of the reduced ionization
coefficient is lower than the experimental data in the range of the electric field E/N
from ~600 Td to ~1500 Td.

It is worth noting that, as expected at high E/N up to 1500 Td, the reduced effective
ionization coefficient is in accordance with the literature data [Sanders, 1933] and
[Masch, 1932]. However, for E/N above 300 Td, the analytical fitting from
[Kulikovsky, 1997] becomes lower when compared with the experimental results

obtained from [Masch, 1932], as presented in Figure 3.1.2.

In the present work, a fitting curve for the reduced effective ionization coefficient in
air has been constructed using the experimental data for the ionization coefficients
from [Sanders, 1933] and [Masch, 1932]. The experimental data points were fitted
with an exponential function using OriginPro (v.2021) graphing software, and this

fitting curve is given by Equation 3.1

56



ceriN= 4-10"2%exp (—985/ (E/N+43)) — 30-1024 (m2)
94 Td < E/N < 1500 Td

(3.1)

where ae#/N is the reduced effective ionization coefficient in m?, and E/N is the

reduced electric field in Td.

The analytical blue solid line curve for air is shown in Figure 3.1 (referred to as “the
present work™), providing a good agreement with the experimental data in a wide
range of the reduced electric fields from 94 Td to 1500 Td. It has been found that this
fitting line has provided a smooth fitting in the whole range of the electric fields

without transition point.

The present work compares the fitting from the exponential solution and some
literature measurements for the reduced effective ionization coefficient in air. A good
agreement is observed between the experimental results and the proposed analytical

equation.

3.2.2 N>

As N3 is an electropositive gas, the attachment coefficient of this gas is zero, n = 0,
and the reduced effective ionization is % =(a—n)/N =a/N. The reduced

ionization coefficient for N2 as a function of E/N has been compared with the
experimental data taken from [Bowls,1938] and the UNAM database [UNAM
database, 2022]. The analytical functions of @ /N have been taken from [Raizer, 1991],
[Sandia, 2003], [Davies, 1978], [Dhali, 1987], [Vitello, 1994].
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TABLE 3.2

Analytical equations of ionization coefficient for N2

N2 Analytical equations of ionization coefficient
[Dhali, 1987]
. _789.1
[Vitello,1994] o /N(m?) = 1.73- 1072 (exp) E/N

[Davies, 1971]

42933
a /N(m?) =3.12-10"%2(exp) E/N

60.6Td < E/N < 90.9Td
834.62

— . 10-20 ~E/N
[Sandia, 2003] 2.67- 107" (exp)

90.9Td < E/N < E;/N

1037.96
=3.64-10"%%(exp) E/N

654.48Td < E/N < 1818Td

As shown in Table 3.2, the analytical expressions from the literature have been
converted into the unit of Td to compare the reduced effective ionization coefficient
(aesr/N) as a function of the reduced electric field (E/N) for N2.

[Dhali, 1987] and [Sandia, 2003] provide only the reduced ionization coefficient, a /N,
which is the same as the reduced effective ionization coefficient /N = a/N due

to the electropositive nature of Na.

As shown in Figure 3.2, the ionization coefficient provided in [Sandia, 2003] is in a
good agreement with the experimental data presented in [Bowls,1938] and in the
UNAM database [UNAM database, 2022] in the field range from 60.6 Td to 1818 Td.

However, no ionization coefficient for N2 was provided for the fields above this value.
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The ionization coefficient for N2 as a function of E/N used by [Dhali, 1987], [Vitello,
1994] and [Davies, 1971], shows a good agreement with the experimental data of
[Bowls, 1938] and UNAM database [UNAM database, 2022] in the range of E/N from
60 Td to 500 Td, but when the electric field increased above 500 Td, the analytical

fitting for the ionization coefficient becomes lower than the experimental data.

In the present work, the reduced effective ionization coefficient for N2, as a function

of the reduced electric field E/N, % (%) = %(%) has been reconstructed by fitting an

analytical exponential function to the experimental data obtained from the literature.
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Figure 3.2.1 The effective ionization (a)/N in m? as a function of reduced electric field E/N in Td for

N». <: experimental data from [Bowls, 1938];O: experimental data from [UNAM database, 2022],

Dash: fitting curve from [Sandia, 2003]; dot: fitting curve from [Davies, 1978], [Dhali, 1987], [Vitello,
1994]; solid blue line: fitting curve obtained in the present work (60Td < E/N < 5000Td). (E/N)crit

shows the asymptotic value of the critical normalized field
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Figure 3.2.2 A zoomed view of the part of Figure 3.2.1

Figure 3.2.2, which is a zoomed view of Figure 3.2.1, provides the effective ionisation
coefficient at higher values of the field. Emax/N used in [Sandia 2003] is ~2000 Td.

The analytical function for the ionization coefficient is provided by [Dahli, 1987] in

the range of the fields from 500 Td to 4500 Td. However, this function significantly

underestimates the coefficient compared to the experimental data from [Bowls, 1938].

The ionization coefficient curve shown in Figure 3.2.1 has been obtained by fitting the

analytical function given by Equation (3.2) to the experimental data from [Bowls,
1938] and [UNAM database, 2022] using the OriginPro (v.2021) graphing software.
The following analytical fitting equations for the ionization coefficients in nitrogen

have been obtained
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al/N = 1.7-10 Pexp (-800/(E/N-3))  (m?)
60 Td < E/N < 350 Td

(3.2)
a/N=3-102exp (~1000/(E/N)) (m?)

350 Td < E/N <5000 Td

where, aer/N is the reduced effective ionization coefficient in the unit of m?, and E/N

is the reduced electric field in Td.

The analytical fitting, Equation (3.2), for N2 shown in Figure 3.2.1 is in line with the
experimental data from [Bowls, 1938] and [UNAM database, 2022] in a wide range
of the reduced electric fields from ~60 Td to ~5000 Td.

3.2.3 CO»

For COg, the experimental data for the effective ionization coefficient as a function of
the reduced electric field were obtained from [UNAM database, 2022]. These data
have been used in the present work to derive an analytical function for the ionization

coefficient.

Together with experimental data, the functional dependencies cer/N(E/N) taken from
[Raizer, 1991] have been used in this comparative analysis. These functions are
provided in Table 3.3.
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TABLE 3.3

Analytical equations for ionization coefficient for CO>

CO2 Analytical equations of ionization coefficient

E
aerr /N(m?) = 6.07-10720 - (—1414.3/ )
[Raizer,1991] £
1515Td < N < 3030Td

As shown in Table 3.3, [Raizer, 1991] provides the analytical expression for the
reduced effective ionization coefficient as a function of the reduced field strength in a
very limited field range, only from 1515 Td to 3030 Td.
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Figure 3.3.1 aen/N as a function of E/N in CO,. Experimental data points: x [UNAM database, 2022],
0, o, V, A and <, [Dutton database, 2022]. Fitting curves: bold solid line, [Raizer, 1991]; solid line,

the present work. (E/N)crit Shows the asymptotic value of the critical normalized field
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In Figure 3.3.1, the reduced effective ionization coefficient (a.sf/N) for CO2 has

been plotted as a function of the reduced electric field (E/N) (Table 3.3) [Raizer, 1991].
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Figure 3.3.2 A zoomed view of the part of Figure 3.3.1

Figure 3.3.2 shows a zoomed view of a section of Figure 3.3.1. It can be seen that the
expression of the effective ionization coefficient fits well the experimental data
provided in [UNAM database, 2022] only in the limited range of the electric fields,
from ~1500 Td to ~3000 Td.

In the present work, an analytical expression for the ionization coefficient for CO2 is
obtained by fitting the exponential function (3.3) to the experimental data [UNAM
database, 2022] and [Dutton database, 2022] using OriginPro graphing software
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aer/N=4.3-10 2exp (-986/ (E/N+49)) =30-10% (m?)
86 Td < E/N < 1100 Td

(3.3)
cer/N= 6.07-10 Pexp (—1414/ (E/N)) (m?)

1100 Td < E/N < 10000 Td

where, aer/N is the reduced effective ionization coefficient in the unit of m?, and E/N

is the reduced electric field in Td.

The analytic curve obtained in the present work for CO; is consistent with the
experimental data [UNAM database, 2022] and [Dutton database, 2022] in a wide
field range of electric fields from 86 Td to 10,000 Td.

3.2.4 Sk

For SFs, the expressions for the ionization and attachment coefficients taken from
[Morrow,1986] have been normalized by N and converted into SI units. These

expressions are presented in Table 3.4.
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TABLE 3.4

lonization and attachment coefficient for SFg

SE Analytical equations of ionization and attachment
6

coefficient

E
a /N(m?) = 3.4473 - 103% - (ﬁ/1021)2.985
E/N < 460Td
E
=11.269 - (N/1021)1.159

E/N > 460Td

E
n _ - N
~ () = 204631070 — 0.25379 - | ==

E 2
[Morrow,1986] N

+ 1.4705 - 1018 Tozm | ~ 3.0078

E 3

N

110% | =57

50Td < E/N < 200Td

E
- N
=7.0-10"21 - exp (—2.25- 1018 - o7t )

E/N > 200Td

As shown in Figure 3.4.1, Morrow [Morrow,1986] provides the reduced ionization
coefficient a/N and the reduced attachment coefficient n/N, these coefficients (Table
3.4) have been used to obtain the reduced effective ionization coefficient functions
aerr/N =a/N —n/N, and a.rr/N has been plotted using OriginPro graphing

software.
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It can be seen that the expression provided by [Morrow,1986] matches well with the
experimental data from [Christophorou, 2000] from 360 Td to 2500 Td. However, for
a higher electric field range from 2500 Td to 7000 Td, the effective ionization
coefficient is overestimated. In addition, there is a sudden change in the ionization

coefficient at 200 Td (the analytical function is not smooth).
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Figure 3.4.1 aen/N as a function of E/N in SFes. Experimental data: o [Christophorou, 2000]. Fitting
curves: dashed line, [Morrow, 1986]; solid blue line, the present work. (E/N)crit shows the asymptotic

value of the critical normalized field
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Figure 3.4.2 A zoomed view of the part of Figure 3.4.1

Figure 3.4.2, a zoomed view of a part of Figure 3.4.1, shows the reduced effective
ionization coefficient reported in [Morrow, 1986], which is fitted with the analytical
function in the range of E/N from 360 Td to 2000 Td. This analytical expression
predicts values of a.rr/N significantly lower than the experimental data from

[Christophorou, 2000] for reduced fields greater than 2500 Td.

In the present work, the reduced effective ionization coefficient in SFs as a function
of the reduced electric field was obtained by establishing the analytical form of the
fitting curve (Equation 3.4) and by obtaining the best fit to the experimental data. The
experimental data from [Christophorou, 2000] were used in this fitting procedure
performed in OriginPro graphing software. The obtained analytical expression for

aeft/N is given by Equation 3.4

67



eit/N= —9.06-10 Pexp (—(E/N)/2875) + 81020 (m?)
360 Td < E/N < 5000 Td

(3.4)

where, aer/N is the reduced effective ionization coefficient in the unit of m?, and E/N

is the reduced electric field in Td.

The analytical curve (3.4) plotted in Figure 3.4.1 follows the experimental data
[Christophorou, 2000] in a wide range of electric fields, from 360 Td to 5000 Td.

3.3 Critical field

The electric field that the net gain of the ionization starts to become positive is the
critical condition for the breakdown of gases. This field at which the effective

ionization coefficient is zero is called the critical field, (E/N)cr.

This field above the critical field shows that the net electron ionization is positive, it
provides the conditions for the development of electron avalanches (ionization fronts)

which may lead to the complete breakdown of gas.

The effective ionization coefficients as functions of E/N have been discussed and

presented for a wide range of the reduced electric fields in Section 3.2. According to
the definition of the critical field, % = 0 at (E/N)cr, the critical fields for air, N2, CO>

and SFs can be obtained from Figures 3.1.1 - 3.4.1. The obtained values of the critical
field for air, N2, CO2, and SFs are presented and compared with the published literature
data in Table 3.5.
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TABLE 3.5
Critical Field

(E/N)cr ,(Td)
Gas (The present

(E/N)cr,(Td)

(Data from literature)
work)

94.7 [Eichwald, 2018],
Air ~94 99.4 [Bagheri, 2018]
98.5 [Lowke, 2003]

N2 ~60 60 [Haefliger, 2018]
86 [Wang, 2016],
82 [Davies, 1978]
359 [Itoh, 1979],

360 [Christophorou, 2000], [Hernandez-Avila,
SFe ~360 2003], [Satoh, 1988],

361[Aschwanden, 1984]
362 [Itoh, 1988], [Kline, 1979]

CO2 ~86

Table 3.5 provides the values of the critical field for air obtained by Bagheri [Bagheri,
2018] and Lowke [Lowke, 2003], 99.4 Td and 98.5 Td, respectively. In the present
work, the obtained critical field for air is ~94 Td, which is consistent with data reported
in [Eichwald, 2018]. This paper reports a value of 94.7 Td, which is close to the values
from [Bagheri, 2018] and [Lowke, 2003].

The critical field for N2 reported by Haefliger (E/N)cr is 60 Td. The critical field for
N2 obtained in the present work from Figure 3.2.1 and by Equation 3.2 is ~60 Td,

which is in a good agreement with the value reported in [Haefliger, 2018].

The critical fields for CO> reported by [Wang, 2016] and [Davies, 1978] are 86 Td,

and 82 Td, respectively. The critical field for CO> obtained in the present work from
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Figure 3.3.1 is ~86 Td, which is in a good agreement with the literature data [Wang,
2016] and [Davies, 1978].

Regarding SFe, Christophorou, Hernandez, and Satoh provide the critical field value
of 360 Td, Aschwanden reports a value of 361 Td, and Itoh and Kline provide the
critical field of 362 Td. The critical field for SFe obtained in the present work through
the fitting curve in Figure 3.4.4 is ~360 Td, which is in good agreement with
[Christophorou, 2000], [Hernandez, 2003], [Satoh, 1988], [Aschwanden, 1984], [Itoh,
1988], [Kline, 1979].

3.4 Electron mobility

The mobility of electrons is another critical parameter required for accurate modelling
of the ionization fronts in gases. The electronic mobility, e, is defined as the drift
velocity divided by the electric field [Gallagher, 1983].

There are a number of published papers [Chen, 2018], [Hasegawa, 1996],
[Schlumbohm, 1965b], [Christophorou, 2000] in which the transport parameters in
different gases have been investigated, these parameters include the electron mobility

and drift velocity obtained by experimental or numerical methods.

In the present work, the literature data have been fitted with allometric functions
(Equation 3.5) using OriginPro graphing software. This fitting has been conducted in
the field range from 100 Td to 1000 Td. A and B are free fitting parameters

wN =AEN)®  (m-V-s)? (3.5)

In Equation 3.5, peN is expressed in units of (m-V-s)and E/N is expressed in units of
Td.

70



The numerical values of the fitting parameters, A and B for each gas, with their
standard errors, obtained using OriginPro graphing software are given in Table 3.6-
3.9. The standard errors allow for the estimation of the accuracy of the fitting
[Originlab, 2022].

TABLE 3.6.

Parameters A and B for fitting function (Equation 3.5) for air

HeN =A(E/N)®

Air
3.361-10%
A
(+4.164-10%%)
0.222
B
(x0.019)

TABLE 3.7
Parameters A and B for fitting function (Equation 3.5) for N2

HeN =A(E/N)®

N2
1.700-10%
A
(¥1.715-10%)
0.09
B
(+0.018)
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TABLE 3.8
Parameters A and B for fitting function (Equation 3.5) for CO>

HeN =A(E/N)®

CO.
8.683-10%*
A
(£1.284-10%%)
0.416
B
(x0.002)

TABLE 3.9
Parameters A and B for fitting function (Equation 3.5) for SFe

HeN =A(E/N) B

SFe
3.085-10%*
A
(+£3.032:10%?)
0.284
B

(+0.002)
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Figure 3.5 N as a function of E/N for air. Simulation data from literature: o [Chen, 2018]. Fitting

curves for the present work (Table 3.6): dark line, air

10°

As presented in Figure 3.5, the fitting curve was used to fit the data on the electron

mobility, [Chen, 2018]. peN as a function of E/N for air was obtained using Equation
3.5, MeN (E/N ) will be used in the drift-diffusion and kinetic models. The obtained

fitting parameters are listed in Table 3.6. It can be seen from Figure 3.5 that the fitting

function provides a good agreement with the literature data [Chen, 2018] in a wide

range of electric fields up to 1000 Td.
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Figure 3.6 peN as a function of E/N for N,. Experimental data from literature: A, [Hasegawa, 1996].
Fitting curves for the present work (Table 3.7): dark line, N2

As shown in Figure 3.6, Hasegawa [Hasegawa, 1996] reports the data on the drift
velocity of electrons as a function of the reduced electric field in N in the range from
20 Td to 1000 Td. These data are in good agreement with the experimental
measurements by Nakamura (1987), Saelee (1977), and Roznerski (1984).

The experimental electron drift velocity presented in [Hasegawa, 1996] was converted
into the electron mobility, and these values were fitted with an analytical function

(Equation 3.5) using OriginPro software.

This fitting provides an analytical expression for peN as a function of E/N for N2. The
obtained fitting parameters are specified in Table 3.7. Figure 3.6 shows that the
obtained fitting is in good agreement with the literature data [Hasegawa, 1996] in a

wide range of electric fields up to 1000 Td.
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Figure 3.7 N as a function of E/N for CO,. Experimental data from literature: <, [Schlumbohm,
1965b]. Fitting curves for the present work (Table 3.8): dark line, CO;

Figure 3.7 [Schlumbohm, 1965b] shows the experimental drift velocity of electrons
for CO; as a function of the reduced electric field up to 1000 Td. The experimental
data on the electron drift velocity from [Schlumbohm, 1965b] were analysed,
converted into the electron mobility and fitted with Equation 3.5 using OriginPro

graphing software.

This fitting provides peN as a function of E/N for CO. and the obtained fitting
parameters are specified in Table 3.8. It can be seen from Figure 3.7, that this fitting
shows a good agreement with the literature data from [Schlumbohm, 1965b] in a wide
range of electric fields from 100 Td to 1000 Td.

75



1.6x10* p——————————————— Ty
1.4x10% £ SFy 1

1.2x10* F 5

8x10% | O .

N (m-V-S)*

6x10% | .

4X1023- L 1 L 1 1 1 1 1 1 L P T T I I B A A A A Ll
2x10° 4x10° 6x10°  8x10°  10°

E/N (Td)

Figure 3.8 N as a function of E/N for SFs. Simulation data from literature: [ [Christophorou,

2000]. Fitting curves for the present work (Table 3.9): dark line, SFs

[Christophorou, 2000] reviewed the experimental data on the electron drift velocity in
SFs and provided electron drift velocity in SFe depending on the reduced electric field,
ranging from 100 Td to 4000 Td.

The drift velocity [Christophorou, 2000] was converted into the electron mobility and
fitted with Equation 3.5. Figure 3.8 shows peN as a function of E/N for SFe. Equation
3.5 fits the experimental data from [Christophorou, 2000] in the range of the electric
fields from 100 Td to 1000 Td. The obtained fitting parameters are listed in Table 3.9.
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TABLE 3.10

u.N for different gases

Gas N, (m-V-s)1
Air 3.361 - 10%4(E/N)~0-222
N2 1.7 - 1024(E/N)‘0-°9

8.68 - 10%*(E/N)~0416
CO; (/)

SFs 3.085 - 1024(E /N)~0-284

Table 3.10 shows the analytical expressions for the products of the electron mobility
and particle number density, peN, as functions of E/N for air, N2, CO2, and SFs. These
functions were obtained by Equation 3.5 using the fitting parameters listed in Tables
3.6 - 3.9. These functions will be used in the drift-diffusion and kinetic models in
Chapter 4.

3.5 Discussion

This chapter provides the systematic investigation and analysis of the key swarm
parameters in a wider range of electric fields based on the experimental results

available in the literature.
The swarm parameters in air, N2, CO2, and SFe, including the ionization and

attachment coefficients, the effective ionization coefficient, and the electron mobility

have been analysed in the present work. In addition, the critical field values for these
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gases have also been discussed based on the obtained analytical expressions for the

effective ionization coefficients.

It has been shown that in the previous studies, [Sanders, 1933], [Masch, 1932],
[Bowls,1938], [UNAM database,2022], [Dutton database, 2022], [Christophorou,
2000], the analytical functions for the reduced effective ionization coefficients a,s¢/N
for air, N2, CO2 and SFs, were obtained only in the limited range of electric fields.
a.rr/N has a noticeably lower or higher value than the experimental data at higher

electric fields.

In the present work, the reduced effective ionization coefficients a, /N for air, N,

CO., and SFs have been obtained as smooth analytical functions of the reduced electric
field E/N in a wide range of E/N.

For air, the analytical fitting to a,¢¢/N has been obtained in the extended range of E/N
up to 1500 Td (the obtained critical field is ~94 Td); for N2, the analytical fitting to
a.r¢IN has been obtained in the extended electric field up to 60 Td to 5000 Td and
obtained critical field is ~60 Td; for CO., the analytical fitting to a,f¢/N has been
obtained in the extended range of reduced electric fields up to 10000 Td, and the
obtained critical field ~86 Td; for SFs, the analytical fitting to a.;r/N has been
obtained in the extended range of E/N up to 5000 Td, and the obtained the critical field
is ~360 Td. These values are in good agreement with the experimental data available

in the literature.

The accurate analytical expressions of the product of the electron mobility and the
number density HeN for air, N2, CO2 and SFs as functions of E/N in a wide range of
the reduced electric fields from 100 Td to 1000 Td were obtained using allometric
functions (Equation 3.5) which were fitted to the experimental and analytical results

available in the literature.

These accurate swarm parameters in a wide range of electric fields will be used in the
drift-diffusion and kinetic models in Chapter 4.
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Chapter 4 Drift-diffusion and kinetic
models

4.1 Introduction

In this chapter, the drift-diffusion and kinetic models are used to simulate the
development of the fast ionization fronts and breakdown characteristics in air, N2, CO»,
and SFe. The drift-diffusion model is developed in the COMSOL Multiphysics
software. This model allows for the detailed investigation of the development of the
ionization front in the spatial and temporal domains. The breakdown criterion based
on the electron density established in the inter-electrode gap is introduced and used to

model the field-time breakdown characteristics of different gases.

The kinetic model is another approach used in this chapter to study the breakdown
characteristics of gases. This analytical model is based on the Meek avalanche-to-
streamer transition criterion and does not require the solution of the drift-diffusion
equations for the charged species. Thus, this approach provides a straightforward
methodology for calculating breakdown voltages or fields as functions of energization

time for gases with known electronic mobility and effective ionization coefficients.

The comparison between the results (the field-time breakdown characteristics)
obtained using these two models is presented, and the analytical results obtained in

this study are compared with the experimental data available in the literature.

This chapter also presents the analysis of the Townsend and streamer conditions for
different gases to characterize the potential type of breakdown in different
experimental conditions (gas pressure and gap distance) for different gases depending

on the duration of the electric stress applied to the electrodes.
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4.2 Drift-diffusion model

The numerical solution of the partial differential equations is used to solve different
problems in science and engineering. The partial differential equations used in the
drift-diffusion model allow for modelling the transient plasma discharge processes in

different gases.

In this section, the drift-diffusion model is implemented in COMSOL Multiphysics
software to investigate the creation and annihilation of the electrons, negative ions and

positive ions in gases with the application of the electric field in time.

4.2.1 Drift-diffusion approach

The drift-diffusion model is commonly used in gas discharge and breakdown analysis.
This model is based on the continuity equations for the number density of different
particle species.

The drift-diffusion equations have been discussed in Chapter 2. The continuity
equations for the number density of the electrons, positive ions, and negative ions can

be written as

an,

o +V- (—neueﬁ —D,Vn,) =ny(a— n)|uef| — NNy (4.1)
on, o S
¥ +V- (npupE) = nea|upE| — NNy — Ny, (4.2)
on, o N
7 +V- (—Tln,llnE) = nen|.unE| - nnnpﬁ (43)
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where, n,,n,,n, are the number density of specific particles, subscripts e,p,n
indicate the electrons, the positive ions and the negative ions, respectively. t istime, a
Is the ionization coefficient, # is the attachment coefficient, £ is the recombination

coefficient, D is the diffusion coefficient, u is the mobility, E is the electric field.

The coefficient of the electron-positive ions recombination Sep and the coefficients of
the negative and positive ions recombination, fnp, are assumed to be the same and

equal to g, following the work by Georghiou [Georghiou, 2001].

The diffusion coefficient of the positive ions, Dy, and the diffusion coefficient of the
negative ions, Dn, are negligible as the effect of diffusion of ions is very small
compared to that of electrons, following the work by Tran [Tran, 2010a], Dahli [Dahli,
1987], Hallac [Hallac, 2003], Morrow [Morrow, 1997], Georghiou [Georghiou, 2005],
Ducasse [Ducasse, 2007].

The number density of specific particles determines the development of the space
charge. As a result, the electric field is modified by the space charge as described by

Poisson’s equation [Georghiou, 2005]

P2 = — P :_e(np—nn—ne) (4.4)
Eolr Eofr

E=-vgp (4.5)

where E is the vector field, ¢ means the electric potential, &, is the vacuum
permittivity, &, is the relative permittivity, e is the elementary charge. p is defined as

the density of the total space charge.
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z-coordinate

4.2.2 Drift-diffusion model: Implementation in
COMSOL

COMSOL Multiphysics software is a finite element method (FEM) software widely
used in the simulations of gas discharges and investigation of ionization fronts and
streamer propagation.

According to the drift-diffusion approach discussed in Section 4.1.1, the drift-
diffusion model in the present work has been implemented in COMSOL Multiphysics
software utilizing the partial differential equations (PDEs) interface and the

electrostatics module using specific boundary conditions.

This model allows for simulation of the breakdown characteristics based on modelling
the development of ionization fronts in air, N2, CO., and SFe and postulated by
Equations 4.1-4.3. The model describes the creation and annihilation of the electrons,

negative ions, and positive ions with time in the externally applied electric field.
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Figure 4.1. Computational domain of the drift-diffusion model

82



As shown in Figure 4.1, a symmetrical geometry of the model is established in the
cylindrical coordinate system with the inter-electrode gap of 1.5 mm and the radius of
the plane electrode of 3 mm. A negative high voltage is applied to a plane electrode,
and the lower Ground electrode is at zero potential.

The drift-diffusion model includes a set of PDE continuity equations for the electrons
and positive and negative ions. The boundary conditions at the electrodes and the

physical interfaces must be specified to solve these PDE equations.

Two types of boundary conditions are used in the model. The Dirichlet boundary
condition is applied to specify a fixed value for the independent variables at the
boundary, such as voltage. As the cathode (negatively stressed electrode) is a source
of secondary electrons, i.e., the secondary ionization process occurs at the cathode /gas
interface, the Neumann boundary condition is used at this interface to represent the
effect of the secondary ionization process.

The simulation domain has a rectangular shape of 1.5 mm by 3 mm filled with
investigated gas kept at atmospheric pressure and room temperature. This domain
includes four boundaries: boundary 1 is the cathode (made of copper) at the top of the
domain, and the secondary ionization process occurs at this interface (boundary);
boundary 2 is the axis of symmetry; boundary 3 represents the anode (ground)
electrode made of copper, and the potential of this electrode is equal to zero; boundary

4 is an open boundary.

The present model emphasizes the formative time and field of the breakdown
characteristics. In order to simulate the process appearance of initial electrons
generated by radiation, cosmic rays, radioactivity or UV photons, the seed electrons
and the positive ions comprising a neural initial local space charge with the Gaussian
distribution were placed at the center of the cathode. It is known that such seed
particles do not significantly change the characteristics of the ionization front
[Georghiou, 2000]. The distribution of the seed electrons and positive ions is
expressed as
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(1'—7'0)2 (Z—Zo)z

Neo (T, 2) = Nypgre 207 207 (46)
(r-rg)? (z—20)?
npo(r, Z) = Nypaxe 207 207 (4.7)

where n, is the electrons density of seed, n, is the positive ions density, 7,4, is
the maximum number density ( 1012 m~3). r-coordinate is r, = 0 and z -coordinate
is zo = 0. The spatial spread of the seed particles is characterised by o, = 0, =
0.025 mm, [Tran, 2010b].

The main swarm parameters used in this model include the effective ionization
coefficient, and the electron mobility coefficient. These characteristics for air, N2, CO2

and SFe have been discussed in Chapter 3.

The following additional assumption should be taken into account in the drift-
diffusion model: following the models by [Bourdon, 2010], [Luque, 2008], [Gupta,
2000], [Yurgelenas, 2006], and [Tran, 2010a], the background ionization is neglected
in the present work.

The secondary electron emission process is required to sustain the development of the
ionization front. The secondary electrons are generated by positive ions colliding with
the cathode. The models developed by [Sandia, 2003], [Ducasse, 2007], [Lowke,
2003], [Luque, 2008], [Tran, 2010b] state that the secondary ionization coefficients
are in the range from 1072 to 10™*. Thus, the secondary ionization coefficient based
on these literature data is in order of y ~1073. In the present work, the constant value
of the secondary ionization coefficient, y = 0.004 is used in the drift-diffusion model,
following the work by Tran [Tran, 2010b].
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TABLE 4.1

Swarm parameters used in the drift-diffusion model for air

Parameter Value/function used in the present paper References
m?2 [Kulikovsky, 1997]
D(—) 0.18
S [Kang, 2003]
2 3.361 - 10%*(E/N)~%222 /N
e (m_) Obtained in Chapter 3
V-s 10 Td < E/N <1000 Td
2 [Morrow, 1997]
iy () 234-107*
V-s [Chen, 2017]
2.7-107*
2
m
U (ﬂ) E/N >50Td [Morrow, 1997]
1.86-107* [Chen, 2017]
E/N < 50Td
[Morrow, 1997]
3
B (mT) 2-10713 [Georghiou, 2005]
[Hallac, 2003]
410720 - exp /(@) _ (30
a
% (m?) £10724) Obtained in Chapter 3

94 Td < E/N < 1500Td
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For air, as shown in Table 4.1, the diffusion coefficient is 0.18 m?/s [Kulikovsky, 1997]
[Kang, 2003]. This value has been employed in the present model.

The mobility of positive and negative ions provided in [Morrow, 1997] has been used
in the present work. These values were also adopted in Chen’s model [Chen, 2017].

3
The recombination coefficient g of the electrons and positive ions of 2 - 10‘13%

presented in [Morrow, 1997] has been used in the present model, which also was used
in [Georghiou, 2005], [Hallac, 2003].

TABLE 4.2

Swarm parameters used in the drift-diffusion model for N2

Parameter  Value/function used in the present paper References
m? .
D(—) 0.18 [Vitello, 1994]
S
2 1.7 - 10%*(E/N)~%%9/N
Lo (Vm_) Obtained in Chapter 3
'S

50Td < E/N < 1000Td

m2 [Davies, 1966],
Ply.s [McDaniel, 1973]
3
m —
B (T) ~1-10713 [Douglas, 1973]

E
1.7 1020 - exp~200/(§)-3)

Qeff . o
N ) 60Td < E/N < 350Td
“ Obtained in Chapter 3
= N 3- 10—20 . 6_1000/(%)

350Td < E/N < 5000 Td
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Table 4.2 presents the swarm parameters used in the drift-diffusion model for Na.
Their numerical values are as follows: the diffusion coefficient of 0.18 (m?/s) is
proposed by Vitello [Vitello, 1994]; the mobility of positive ions is provided by Davies
[Davies, 1966] and McDaniel [McDaniel, 1973]; the recombination coefficient 5

~10713 m; is presented by Douglas [Douglas, 1973]; the attachment coefficient is

n = 0as Nz is an electropositive gas [Vitello, 1994], [Davies, 1971], [Kulikovsky,
1994].

The swarm parameters used in the drift-diffusion model for SFe have been obtained
by the expressions shown in Table 4.3. The diffusion coefficient and the mobilities of
the positive and the negative ions were taken from [Morrow, 1986]. The

recombination coefficient § ~10713 is in line with [Jungblut, 1989].

Table 4.4 presents the swarm coefficients and transport coefficients used in the drift-
diffusion model for CO.. The diffusion coefficient of 0.1 m?/s was obtained from the

analysis presented in [Schlumbohm, 1965a]. The recombination coefficient g
~10713 mTB is consistent with the data obtained in [Ponduri, 2016]. The fitting

equation for the mobilities of positive and negative ions is based on the data obtained

from [Viehland, 1995] and has been analysed in the present work.

Tables 4.1-4.4 provide the effective ionization coefficient and the electron mobility
for air, N2, CO, and SFs obtained from Section 3.2. These coefficients are given as

functions of the electric field and will be discussed further and used in Section 4.3.

The breakdown criterion has been introduced and used in the drift-diffusion model to
obtain the breakdown voltage and time to breakdown for all investigated gases. The
computational procedure is illustrated in Figure 4.2.
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TABLE 4.3

Swarm parameters used in the drift-diffusion model for SFe

Parameter  Value/function used in the present paper References
D(mz) 3.553-1072 - (E/N)0-2424 [Morrow, 1986]
S E/N < 650Td
(mz ) 3.085-10%* - (E/N)~ 0284 /N Obtained in Chapter 3
HUe . o
Vs 25Td < E/N < 4000Td
m? 6.0-107° [Morrow, 1986]
W (G5
E/N < 120Td
E
1.216-107°In (N) +0.01-107*
120Td < E/N < 350Td
E
—1.897-10"°In (ﬁ) +1.83-107*
E/N > 335Td
(mz ) 1.69-1071° (E/N)? + 0.53-107* [Morrow, 1986]
Un V. <
Vs E/N < 500Td
m?3 ~10-10713 [Jungblut, 1989]
B
(04 E H i
;e\;‘f (m?) —9.06- 10720 - exp~®@/2875 4 (g Obtained in Chapter 3
. 10—20)

360Td < E/N < 5000Td
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TABLE 4.4

Swarm parameters used in drift-diffusion model for CO>

Parameter  Value/function used in the present paper References
mZ
D(—) ~0.1 [Schlumbohm, 1965a]
S
2 8.68-10%* - (E/N)~ 0416 /N
e (m_) Obtained in Chapter 3
V-s 151Td < E/N < 6062Td

Data from [Viehland,
1995], Fitting
equation from the

E
; 6521075 - @)/39 1 (6.96
m
Ko (m) -107°)

50Td < E/N < 1200Td present work

E ) Data from [Viehland,
6.47 1076 - ¢ (F)-79/%67 | (1 29

m?2 1995], Fitting

— .10~%
Hn (V - s) 1079 equation from the

5Td < E/N < 150 Td oresent work

m3 13 :

I (T) ~1-10 [Ponduri, 2016]
43-10720. exp—986/((E/N)+4-9) _ (30
-1072%)

a
—I (m?) 86Td < E/N < 1100Td Obtained in Chapter 3

6.07 - 10720 - exp~1414/(E/N)
1100Td < E/N < 10000Td
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As shown in Figure 4.2, the computation starts at time zero, to, at this time the voltage
is set as Up and the initial value of the mesh, Mo, is chosen. Then the electron density

is calculated.

When the electron density associated with the ionization front (streamer) has a uniform
distribution in the developing streamer (discharge) channel in the gap, the breakdown

criterion is satisfied. Then the voltage Uo is recorded as the breakdown voltage Upr.

If the electron distribution in the discharge channel is not uniform, the voltage is
increased by AU (AU is the voltage increment). This voltage step is added to the initial
voltage, Uo, for the next round of calculations. After several voltage increments
(computational steps), the ionization front (streamer) develops and reaches the ground

electrode.

Thus, the breakdown voltage is achieved (associated with the uniform distribution of
the electronic density in the gap) and recorded. At this moment, time is recorded as
the time to breakdown, tor.

Otherwise, if the simulation algorithm cannot converge, the mesh parameter becomes
M, + AM, and then run the simulation model. If the ionization front cannot arrive at
the ground electrode, the time becomes t, + At, and then run the model until they
satisfy the breakdown criterion. Then the breakdown voltage U and time to

breakdown tyr are obtained.
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Using this calculation procedure, the development of negative ionization front in gas

at atmospheric pressure has been modelled.

For example, Figure 4.3 shows the development of the ionisation front in air at the
pressure of 1 atm in the parallel-plane geometry with a gap of 1.5 mm; the applied
negative voltage is 17.3 kV. The ionization front is presented at different time
instances: the ionization front propagates from the cathode towards the anode
(snapshot at 0.22 ns ) and bridges the gap at 0.26 ns. When the ionization fronts reach
the anode, the breakdown criterion is satisfied, thus the breakdown field of 115 kV/cm

and the time to breakdown t,r of 0.26 ns are obtained.

x 1016
6.5¢

t=2.2 ns

Electron Density (1/m?)

0.0009 0.001 0.0011 0.0012 0.0013 0.0014
Distance (m)

Figure 4.4 Distribution of electron density in in air (E=60 kV/cm)

Another example, as shown in Figure 4.4, in air, at the pressure of latm, the electric
field of 60 k\V/cm corresponds to a negative voltage of - 9 kV applied to the cathode.
The results of the simulation of the electron density distribution in the parallel-plane

geometry with a gap of 1.5 mm are presented at different times.
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As shown in Figure 4.4, by the time the electrons with the density of 6:10%® 1/m®
approached the anode, the electron density in the gap is almost uniform. The
breakdown criterion is met at the time to breakdown tyr = 2.2 ns and the breakdown
field Epr =60 kV/cm.

Similar breakdown criterion has also been used by Levko [Levko, 2019] in their
computational study of the fast plasma fronts in gases. The breakdown in their model
occurs when the electric field behind the plasma front collapses, due to the formation
of conductive plasma.

4.3 Kinetic model

The kinetic approach is an analytical model which is based on the avalanche-to-
streamer transition criterion. It is used here to obtain the time to breakdown and the

reduced breakdown field for air, N2, CO., and SFs over a wide range of electrical fields.

4.3.1 Kinetic model and field-time characteristics of
gases

According to the Townsend model of an electron avalanche, the charge, Q, in the

avalanche head is a function of the ionization frequency and time

Q xexp (v.t) (4.8)
According to the Meek criterion, the avalanche is transformed into a streamer

(streamer breakdown event) when the number of electrons reaches ~108. Therefore, it

can be derived as

Vionis tbr =18 (49)
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where v;,,is IS the ionization frequency in the unit of 1/s. tyr is the time to breakdown.

As a result, the breakdown criterion can be written as

18 18

> =
Vionis p(vionis/p)

Then, we can get

18
brP = 5 ——~

(Uionis/p)

where p is gas pressure in unit of Pa.

(4.10)

(4.11)

The ionization frequency in gas is a function of the product of the ionization

coefficient and electronic drift velocity

Vionis = @ Vg

(4.12)

where, « isthe ionization coefficient and v, is the electron drift velocity. The electron

drift velocity is

(4.13)

(4.14)

where u is the mobility. The ionization coefficient and the mobility are functions of

the electric field, E/p. Thus

95



Vioni av E
ionis — d =apu (_) (4.15)

Therefore, the time to breakdown multiplied by the gas pressure is

. 18 18
p= Vionis - E (4.16)
P au (5)

Equation (4.16) can be re-written in terms of pressure by using p = NkgT, (ks is the

Boltzmann constant, T is the temperature, and N is the particle number density)

1:N—L 4.17
~ au(E/N) (4.17)

where, t is the time to breakdown.

The reduced effective ionization coefficient is

a' = aeff /N (418)

Therefore, the time to breakdown, tyr, for each type of gas can be obtained as a function
of the reduced field in the framework of the kinetic approach. The corresponding

Kinetic equation is

18 -10%1

tbr N = m (419)

where o’ is the reduced effective ionization coefficient in m2. toN is the product of the

time to breakdown and gas density, s/m3, E/N is the reduced field in the units of Td,
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w is electron mobility in the units of m?/(V - s). The gas number density, N is ~2.5 -
1025(1/m?) at 1 atm and 20°C.

The effective ionization coefficient, a.r, and the mobility, u, provided in Chapter 3

are used in Equation 4.19. The analytical curves Nto(E/N)br Obtained by the kinetic
model, Equation 4.19, for air, N2, CO2 and SFs are shown in Figures 4.5-4.8.

| b
10" E
Air 3
10" E v
(:;-\ 5
E 10]6 E- E
Z i
-0—*—‘5 -
“ o | 2
10" E E
]0]3 1 L 1 1 A | L 1 1 L R | L
10 10° 10*
(E/N)y, (Td)

Figure 4.5 Nty as function of E/N for air obtained by Equation 4.19
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Figure 4.6 Nty as function of E/N for N, obtained by Equation 4.19
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Figure 4.8. Nty as function of E/N for SFs obtained by Equation 4.19

Figures 4.5 - 4.8 demonstrate a decrease in the product of the particle density and the
time to breakdown (Ntor) with an increase in the reduced breakdown field (E/N)yr for

all investigated gases.
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Figure 4.9 Nty as function of (E/N)yr, obtained by equation 4.19. Dotted line: air; solid dark line: N;
solid grey line: COy; dashed line: SFs

As shown in Figure 4.9, air and CO2 show similar functional behaviour, i.e. the
functional dependency Ntor (E/N), for fields smaller than 10° Td. It is also noted that
N2 has slightly higher values of Nty than air and CO> in the field range from ~110 Td
to ~10% Td, but lower values of Nty than for SFs. Interestingly, the time to breakdown
(Ntor) in air for the field of ~3-10° Td becomes higher than that in N2, and starts to
converge with that for SFe.
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4.3.2 Analysis of the discharge modes in the Nt(Nd)
diagram

For the Townsend discharge mechanism, based on Equation 2.5, the relationship
between (a/N) and Nd has been obtained

(@/N)-Nd = In(1/y) (4.20)

where a is the ionization coefficient, d is the inter-electrode gap, y is the second

ionization coefficient, N is the gas number density.

Then, taking into account that the reduced ionization coefficient (a/N) is inversely
proportional to the product of the gap separation and particle number density (Nd), it

can be obtained that

a/N~1/Nd (4.21)

Moreover, the ionization coefficient (a/N) is a function of E/N, thus

E/N~1/Nd (4.22)

In the Townsend discharge process, the secondary electrons are produced by the
bombardment of the cathode surface by positive ions. This process is characterized by
the second ionization coefficient (y). These secondary electrons are required for the

self- sustained development of the Townsend discharge.

Therefore, the minimum time required for the development of the Townsend discharge

is defined by the time required for positive ions to return to the cathode.
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The following condition for the Townsend discharge has been obtained [Atrazhev,
2012]

Nt > Nd/v, (4.23)

where t is the time and N is the gas number density, d is the gap separation between

electrodes, v, is the drift velocity of positive ions.

The drift velocity of the positive ions as a function of E/N can be expressed as

= NG (424

where v, is the drift velocity of positive ions, u,is the mobility coefficient of the

positive ions, E is the electric field and N is the gas number density.

The drift velocity of the positive ions in air, N2, CO2 and SFe have been obtained by
Equation 4.24, and listed in Table 4.5, where the mobilities of the positive ions are
obtained from Section 4.2.2 (Table 4.1-4.4).
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TABLE 4.5

Drift velocity of positive ions, v,

Gas Drift velocity of positive ions v, (m/s)
Air v, =2.34-107*- N - (Z)- 107

-4 E =21
N, v, = 2.5-10 -N-(ﬁ)-m

E
. () E
? v, = [6.52-1075 - exp +(6.96-1075)] - N - (N) L1021

SFe v, =6.0-1075-N-(5)- 1072

As shown in Table 4.5, v, is the drift velocity of positive ions in m/s, E/N is the

reduced electric field in the unit of Td, N is the gas number density, 1/m?®.

In the present work, the critical avalanche time, (Nt)avalianche, is defined as a product of
the minimal time required for the development of the Townsend discharge and the gas
number density, Nt. This time can be obtained as a function of Nd by Equations 4.23
- 4.24, Nt = Nd/vp, when the electric field, E/N , is equal to the breakdown field, (E/N)pr.

If the values of Nt are greater than the critical avalanche time, Nt > (Nt) avalanche, the
secondary electrons produced at the cathode will sustain the development of the
Townsend avalanche(s). Thus, Nt = (Nt) avalanche defines the Townsend avalanche

boundary condition for Nt.

As shown in Table 4.6, the Townsend avalanche boundary condition, Nt >
(Nt) avalanche, 1S based on Equations 4.23 - 4.24. The values required to calculate the
the Townsend avalanche boundary condition for the air, N2, CO2 and SFs have been
obtained using the breakdown field, (E/N)or , presented in Section 2.4.1.
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TABLE 4.6

Avalanche boundary condition

(E/N)or Td from Avalanche boundary for Nt > Nd /v,
oas Paschen curves (s/m?3)
Air 130 Nt > Nd /758
N2 117 Nt > Nd/734
CO2 190 Nt = Nd /524
SFe 356 Nt = Nd /535

From another point of view, the streamer mechanism can be used to characterize the
development of the ionization front when it reaches its critical size. At this moment,
which is determined by the drift velocity of electrons, v,, the avalanche transforms

into a streamer.

The time required for this transition should be shorter than the time required for an
electron to cross the gap if this electron moves with its drift velocity, ve. Thus, the
following condition could be written for the time required for the avalanche to be

transformed into the streamer (streamer discharge) [Atrazhev, 2012]

where t is the time, N isthe gas number density, d is the gap length between electrode,

v, is the drift velocity of the electrons.
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Using the expression for the drift velocity as a function of the normalized electric field,
E/N, v, = u.E , the following boundary condition for the streamer breakdown can be

obtained

E
Ve = ,ueN(N) (4.26)

where v, is the drift velocity of the electrons, u.is the electron mobility, E is the
electric field and N is the gas number density. The drift velocities of electrons in air,
N2, CO2 and SFs have been obtained by Equation 4.26 and provided in Table 4.7.

TABLE 4.7

Drift velocity of electrons

Gas
Ve (m/s)
. _ C1n24 (EY %222\ (BN . 10-21
Air ve—(3.361 10%(5) (£)-10
E
N, v, = (1.7 - 1024(E/N)~00° . (ﬁ) .10721
E
— . 24 -0416 , [ ). —-21
o, Ve = (8.68 - 102*(E/N) (N> 10
_ 24 -0.284 ., (E -21
SFq v, = (3.085 - 10%4(E/N) (3)-10

Table 4.7 shows the drift velocity of electrons, v,, in the unit of m/s as a function of

E/N, these values have been obtained by using the mobility of electrons, u,, in the unit
of (3_-2)' as discussed in Section 3.4 (Table 3.10). E/N is the reduced electric field in

the unit of Td.

106



In the present work, the critical streamer time, (Nt)streamer, IS defined as the product of
the time required for the avalanche to reach its critical size and to transform into a
streamer. The gas number density, Nt, as a function of Nd is obtained by Equations
4.25 - 4.26, Nt = Nd/ve, when the electric field E/N is equal to the breakdown field,
(E/N)br.

Therefore, the streamer boundary condition for (Nt)streamer is based on Equations 4.25-
4.26 and the critical electrical field, (E/N)or , obtained in Section 2.4.1 have been
calculated for air, N2, CO2 and SFe, and presented in Table 4.8.

TABLE 4.8

Streamer boundary condition for Nt

Streamer boundary condition,
(E/Npr) Td from

Gas ) Nt < Nd /v,
Section 2.4.1
(s/m®)
Air 130 Nt < Nd/147936
N2 117 Nt < Nd/130021
CO; 190 Nt < Nd/186114
SFe 356 Nt < Nd/207225

The avalanche boundary condition and the streamer boundary condition Nt (Nd), for
air, N2, CO2 and SFe are presented in Figure 4.10, where the avalanche boundary
condition, (Nt)avalanche, IS defined by the Townsend mechanism, and the streamer

boundary condition, (Nt)streamer, iS based on the streamer mechanism.
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Figure 4.10 Avalanche and streamer conditions for air, N2, CO2 and SFg

It can be seen from Figure 4.10 that the critical avalanche time, (Nt)avaianche, Which
defines the threshold conditions for the self-sustained development of the Townsend
avalanches, divides this graph into two regions: non-Townsend discharges and

Townsend discharges.

When the value of Nt is greater than the critical avalanche time, Nt > (Nt)avaianche,
these conditions satisfy the Townsend discharge conditions and it can be stated that
the discharges with such parameters are Townsend discharges. However, when the
value of Nt is less than the critical avalanche time, Nt < (Nt)avalanche, the Townsend

avalanche requirements are not met.
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When the value of Nt is lower than the critical streamer time, Nt < (Nt)streamer, the
conditions for the streamer discharge are achieved. When the value of Nt is greater
than the critical streamer time, Nt > (Nt)sweamer, the streamer breakdown conditions

are not met and streamers will not develop in such conditions.

When the value of Nt is between the critical avalanche and the critical streamer time
(Nt)avaianche < Nt < (Nt)streamer, this region satisfies neither Townsend nor streamer
conditions and as stated in [Atrazhev, 2012], the breakdown mechanism for such
conditions is not well defined. As discussed in [Atrazhev, 2012], the equations which
define the Townsend breakdown and streamer breakdown provide the limiting cases
(boundaries) of a complex process, which depends upon the gap between electrodes,

gas pressure and the duration of the voltage impulse.

Therefore, further experimental and analytical investigation is required to establish

exact discharge and breakdown mechanisms in this region of the Nt(Nd) diagram.
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Figure 4.11 Comparison of the experimental and analytical data from the literature. [ air, rising time
of 0.5 ns [Babich, 2016]; A air negative polarity (monocone) [Carboni, 2001]; V air positive polarity
(monocone) [Carboni, 2001]; <1 N2 negative polarity (monocone) [Carboni, 2001]; > N positive
polarity (monocone) [Carboni, 2001]; < air, rising time of 1us [Babich, 2016]; o air [Kawada, 1988];
* air [Shao, 2006]

The experimental and analytical data collected from the literature, [Carboni, 2001],
[Shao, 2006], [Babich, 2016], [Kawada, 1988], have been used to classify the

discharge mechanism based on the established boundary conditions, Figure 4.11.

Carboni [Carboni, 2001] provides the experimental data for the time to breakdown in
air and N2 in the pressure ranges from ~30 atm to 100 atm (within the range of E/N
up to ~ 300 Td) for both positive and negative polarities in the monocone electrode
topology with the gap length of 0.091cm. The experimental Nt values show that in the

region Nt < (Nt)streamer, they satisfy the streamer breakdown boundary condition. In
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the region of (Nt)avaianche < Nt < (Nt)streamer, the values do not satisfy either the

Townsend or the streamer boundary condition.

Shao [Shao, 2006] presents the experimental breakdown characteristics obtained in
the parallel-plane electrode topology with a gap of 1cm in air at pressures of 0.1 and
0.2 MPa, stressed with impulsive voltage with a rising time of -10 ns. The
experimental Nt values are located in the region Nt < (Nt)streamer and satisfy the

streamer breakdown boundary condition.

Kawada investigated the impulsive breakdown behaviour of air in the uniform field in
1cm to 3 cm gaps at the pressure range from 330 Torr to 1520 Torr (~44 kPa to ~ 202
kPa), the applied voltage impulses had the rising time of 10.8 ns. The experimental Nt
values obtained in [Kawada, 1988] are located in the region Nt < (Nt)streamer and

satisfy the streamer breakdown boundary condition.

Babich [Babich, 2016] provides the analytical breakdown voltage and breakdown time
in the overvolted conditions when air at pressures less than 1 bar was stressed with
short HV impulses with the rising times of 0.5 ns and 1us in the rod-plane geometry.
The experimentally obtained values of Nt are located in the region Nt < (Nt)streamer and
satisfy the streamer breakdown boundary condition. However, the Nt values obtained
for HV impulses with the rise time of 1us are located in the region between the critical
avalanche and the critical streamer times, (Nt)avatanche < Nt < (Nt)streamer, and therefore

they do not satisfy either of the boundary conditions.
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4.4 Drift-diffusion and kinetic models: results and their

analysis

This section focuses on the discussion, analysis, and comparisons of the modelling
results - the relationship between the breakdown field and time to breakdown obtained
by the drift-diffusion and kinetic models. The nominal average velocity of the
ionization fronts as a function of the applied electric field is obtained. Then, the time
to breakdown as a function of the electric breakdown field for air, N2, CO2, and SFe is
presented and analysed.

4.4.1 Average velocity of ionization front

The average velocity of the ionization front, vs,.,p, is an important parameter of the

streamer propagation. It is defined as the gap length divided by the time required for

the ionization front to cross the gap between the electrodes

T rone()=C/t (4.27)

where ¢ is the length of the gap separation between electrodes, tor is the time to
breakdown, which is the time required for this ionization front to propagate over this

distance, ¢.

The time to breakdown and breakdown voltage has been obtained for air, N2, CO,,
and SFs using the drift-diffusion model Equation 4.27. These values were used to
calculate the average velocities of ionization fronts for different applied field. The

nominal average velocities of the ionization front, f,.,,., as a function of E/N for the

investigated gases, are plotted in Figure 4.12.

112



1 4 1
10 | -
X . .
Air -
.—‘——’,— O
)
~ 1 F -
E L
=
= SF,
g
&
1~
0.1 -
C —eo— Air ]
_D_N2
--v- CO,
veoe Asece SF6
0.01 . . .
100 200 300 400 500

E/N(Td)

Figure 4.12 Nominal average velocity of the ionization front, vs,.,,,, as a function of E/N. @ air; []

N2; V CO2; A SFs. Connecting lines are given for visual guidance only

Figure 4.12 shows a gradual increase in the value of the ionization front velocity in
the range of fields from ~100 Td to ~500 Td. It can be seen that the lowest velocity of
the ionization front was obtained for SFe as compared with other gases in the range of
the electric fields of ~360 to 500Td. Furthermore, it has been found that the ionization
fronts have similar velocities in CO2 and air, which agrees with the data from [Seeger,
2017].

The velocity of the ionization front in N2 is lower than that in air and CO», which is
confirmed by [Won, 2002] [van Veldhuizen, 2003], which provides the average

velocities of the ionization fronts of ~10° m/s and ~10* m/s in No.
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4.4.2 Time-field characteristics

The breakdown characteristics obtained by the drift-diffusion model and kinetic model
are presented in this section. The time-field breakdown characteristic is the
relationship between the time to breakdown (Ntyr) (the product of the breakdown time
and the gas number density) and the reduced breakdown field (E/N)yr for air, N2, COo,
and SFe.

These characteristics have been obtained using both models to analyse and compare
with the experimental results [Felsenthal, 1965], [Carboni, 2001], [Kumar, 2021], as
shown in Figures 4.13-4.17.
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Figure 4.13 Nty as a function of (E/N)yr in air. = Experimental data, o [Felsenthal, 1965]; A negative
polarity (monocone) [Carboni, 2001]; V positive polarity (monocone) [Carboni, 2001]; @ Drift-
diffusion model, Equation 4.1 - 4.5; — Kinetic approach, Equation 4.19
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Figure 4.13 shows Nt as a function of E/N for air from 100 Td to 500 Td obtained from
the drift-diffusion and kinetic models. The results obtained by the kinetic model for
air in the present work provide a good agreement with the experimental measurements
[Felsenthal, 1965] in this range from 200 Td to 2-10* Td.

The result obtained using the kinetic model for air also shows a good agreement with
the experimental data from [Carboni, 2001] in the range of the reduced electric fields
from 102 Td to 2-10% Td.
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Figure 4.14 Nty as a function of (E/N)pr in Na. Experimental data: o [Felsenthal, 1965]; Anegative
polarity (pointplane), V negative polarity (monocone) [Carboni, 2001]; < positive polarity (pointplane),

O positive polarity (monocone) [Carboni, 2001]; @ Drift-diffusion model, Equation 4.1 - 4.5; —
Kinetic approach, Equation 4.19
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Figure 4.14 shows Nty as a function of (E/N)pr for N2. The simulation results (shown
as closed points in Figure 4.14) obtained by the drift-diffusion model agree well with
the kinetic modelling line, which presents Nt as a function of E/N in the range from
~200 Td to ~500 Td.

The results from the kinetic model for N2 provide a good agreement with the
experimental measurements of the formative breakdown time [Felsenthal, 1965] in the
E/N range from 200 Td to 10* Td. It also agrees with the experimental data on the
effective breakdown time [Carboni, 2001] for the reduced electric fields from 102 Td
to 2-10% Td.

CO, |
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Figure 4.15 Nty as a function of (E/N)yr in CO,. Experimental data: Anegative polarity [Kumar, 2021];
Vpositive polarity [Kumar, 2021]; e Drift-diffusion model, Equation 4.1 - 4.5; — Kinetic approach,
Equation 4.19
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Figure 4.15 shows Nty as a function of (E/N)ur for CO2. The simulation results of Nt
obtained from the drift-diffusion model are in accordance with the analytical line of
Nt as a function of E/N from the kinetic model in the range from ~100 Td to ~500 Td.

The results from the kinetic model for CO, obtained in the present work provide a
reasonable agreement with the experimental measurements [Kumar, 2021] in the

reduced electric field range of up to ~100 Td.
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Figure 4.16 Nty as a function of (E/N)y in SFe. Experimental data, o [Felsenthal, 1965]; A [Carboni,
2001]. @ Drift-diffusion model, Equation 4.1 - 4.5; — Kinetic approach, Equation 4.19

Figure 4.16 presents the Nt obtained from the drift-diffusion model for SFe, (closed
points). These results are in good agreement with the analytical values of Nt (E/N)
obtained by the kinetic model in the range of E/N from ~360 Td to ~500 Td.
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The results from the kinetic model for SFs obtained in the present work provide a good

agreement with the experimental measurements of the formative breakdown time

[Felsenthal, 1965] in the E/N range from 500 Td to 2-10 Td.

The result from the kinetic model for SFe also shows an agreement with the

experimental data on the effective breakdown time [Carboni, 2001] in the reduced

electric field range up to ~400 Td.
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Figure 4.17 (E/N)y for investigated gases for specific values of Ntyr. A2-10Y (s/m®); A 5-10%
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Figure 4.17 summarizes obtained specific values of Nty for air, N2, CO2 and SFe.
When Nty = 2-1017 s/m®, SFe has the highest level of the reduced breakdown electric
field compared with other gases, while CO2 and air have similar levels of E/N. N2 has

a higher level of E/N compared with air and CO: at this value of Ntyy.

However, when Nty = 1-10'® s/m?, the breakdown field for air, N2, and CO start to
be close to that of SFs. Interestingly, when Nty reaches 1-10¢ s/m?, the E/N for CO-
becomes higher than that for air and is almost the same as for N2. When Nty reaches
3.10'¢ s/m?®, the E/N for CO; is almost the same as for SFe. This behaviour will be

discussed in Section 4.5.

Overall, the simulation data obtained by the drift-diffusion model and the Kinetic
models, Ntor (E/N)pr for air, N2, CO2 and SFe show that the product of the time to
breakdown and the gas number density (Nty) decreases with an increased reduced
breakdown field (E/N). The kinetic and drift-diffusion models also provide agree well

with the experimental results.

4.5 Discussion

In this chapter, the drift-diffusion and kinetic models have been developed to obtain
the time-field breakdown characteristics for air, N2, CO2 and SFe in a wide range of

electric fields.

The drift-diffusion model has been implemented using COMSOL Multiphysics
software, an FEA computational simulation tool. The computational domain for the
parallel plane geometry electrode with a gap length of 1.5 mm for air, N2, CO2, and
SFe at atmospheric pressure has been established to examine the development of the
ionization front. The breakdown criterion based on the establishing (almost) uniform
electronic density in the channel behind the ionization front when it crossed the gas-

filled gap has been introduced and used to obtain the breakdown voltage.
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The simulations of the plasma fronts using the drift-diffusion model were restricted to
a maximum value of the reduced electric field of 500 Td and to a plane-plane electrode

topology by the limiting computational capabilities.

The model developed in this Chapter adopts the self-consistent numerical solution of
the continuity equations for the electrons and positive and negative ions. These
equations are coupled with the Poisson equation for the electric field. The electron
swarm coefficients obtained in Chapter 3, and additional transport properties,
discussed in Section 4.2.2, have been used to obtain the time-field breakdown

characteristics.

The kinetic model based on the avalanche-to-streamer transition criterion has been
used to calculate the time to breakdown, and to obtain the field-time breakdown
characteristics using the effective ionization coefficient and the electron mobility for
air, N2, CO2 and SFe presented in Chapter 3.

The results obtained by the drift-diffusion and kinetic models have been analysed and
compared. The analytical breakdown characteristics obtained in the present work with
the time-field breakdown experimental characteristics for air, N2, CO2, and SFs have
been compared.

The analytical characteristics have been plotted and compared with the experimental
data from literature, [Felsenthal, 1965], [Feltcher, 1949], [Gould, 1956]. The results
obtained by the drift-diffusion and kinetic models agree with each other. The obtained
results also demonstrate a good agreement with the experimental relationships
between the product of the particle density and the time to breakdown, Ntbr, and the
reduced electric field, (E/N)or.

It has been shown that these two models can be used to predict the breakdown
behaviour of different gases by modelling their time-field breakdown characteristics
in a wide range of electric fields. In the case of N2 and CO», further experimental work

Is required to provide more detailed information on the breakdown characteristics in
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the lower range of normalised electric fields (E/N < 100 Td), as the experimental data
available in the literature and used in this study show noticeable variations in the

breakdown parameters in this field range.

Furthermore, the avalanche boundary condition based on the Townsend mechanism
and the streamer boundary condition based on the streamer mechanism have been
discussed and used for air, N2, CO2 and SFe. The critical avalanche time (Nt)avalanche
and the critical streamer time (Nt)steamer have been introduced to classify discharges
according to the Townsend avalanche and streamer breakdown criteria.
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Chapter 5 Impulsive breakdown of air, N
and CO.: experimental results and scaling
relationships

5.1 Introduction

This chapter investigates the impulsive breakdown characteristics of air, N2, and CO-
in the needle-plane electrode geometry with a gap length of 0.1 mm. The breakdown
tests were performed at the pressure range from 6.5 kPa to 405 kPa using the HV

impulses of both positive and negative polarities.

The high voltage pulsed power generator was utilized to provide voltage impulses to
the needle HV electrode in the needle-plane test cell. The HV generator, high voltage
and current diagnostic systems, and the test cell have been discussed in detail in
Sections 2.6 and 2.8. These sections also provided the test methodology used in the

present work.

The computer simulations allow for predicting pulse waveforms and optimizing the
pulse generation circuit. The RLC lumped-element model is commonly used to

represent the distributed characteristic of transmission lines.

Prior to the experimental tests, the simulation of the pulse parameters using the RLC
lumped-element equivalent circuit was conducted. This RLC model implemented in
PSpice was used to obtain the circuit parameters for optimization for the HV impulses

generated by the Blumlein pulsed power system.

122



This chapter also presents the electrostatic field simulation in the needle-plane test cell
using QuickField software. The Laplacian electrostatic field distribution is obtained
using the experimental parameters of the HV and ground electrodes. Finally, the
experimental results: the breakdown voltage, and the time to breakdown obtained for

all investigated gases, are presented and analysed.

5.2 Experimental set-up to study HV impulsive

breakdown behaviour of gases

This section describes the experimental system designed and developed for
measurements of the HV impulsive breakdown characteristics. This system consists
of four main parts: (1) the test cell with the needle-plane electrode topology; (2) the
gas handling equipment; (3) the HV impulsive power supply based on the Blumlein

pulse generator; and (4) the diagnostics and measurement system.

5.2.1 Needle-plane test cell

A test cell with the needle-plane electrode geometry and 0.1 mm inter-electrode
distance was chosen for these tests. The design of the test cell allows for evaluation of
the breakdown characteristics of gases in a divergent electric field at a sub-us
timescale. These experimental conditions are relevant to the conditions found in
different micro-electromechanical devices and systems such as microplasma “lab on
chip” devices [Becker, 2006], [Luo, 2012], micro-hollow cathode discharge systems
[Jovovi¢, 2014], dielectric barrier discharge devices [Niu, 2020] and other systems in

which discharges may occur in short, sub-mm, gas-filled gaps.
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As shown in Figure 5.1, the needle-plane test cell consists of a HV needle electrode,
a plane ground electrode, a mechanical micrometer, a shaft, a sealed cylindrical

container, a gas inlet/outlet port, and a test cell base.

— Micrometer

u
HYV terminal

Micrometer shaft S (a5 inlet/outlet

Sealed cylindrical container

Ground electrode
HYV needle electrode

Test cell base

Figure 5.1 Schematic diagram of the test cell (not to scale) with the needle-plane electrode

configuration

Gramophone needles with a tip radius of ~80 um were used as HV electrodes. A
needle was attached to the micrometer’s shaft, controlled by the micrometer’s screw
gauge. Figure 5.2 shows the gramophone needle with a tip radius of ~ 80 um

photographed using an optical microscope equipped with a digital camera.
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Figure 5.2 Photograph of the gramophone needle tip with ~80 um radius under microscope

The micrometer’s screw was used to enable the gap length between the HV needle
electrode and the plane ground electrode to be set to 100 um with an accuracy of +

5.89 um (detailed analysis of uncertainties is presented in Section 5.4).

The polished stainless-steel plane ground electrode was located at the bottom of the
sealed container. This sealed cylindrical container was made of glass-reinforced nylon,
it was filled with air, N2 or CO-, and the gas pressure was in the range of 6.5 kPa to
405 kPa. The HV electrode was energized with the HV impulsive voltage of both

polarities.
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10.00mm

Figure 5.3 Size of needle and plane

Figure 5.3 shows the schematic dimensions of the needle and plane electrodes. The
apex part of the tip of the needle was ~ 4 mm long, and the tip radius was ~ 0.08 mm.
The straight part of the needle was ~10 mm long and had a 1.25 mm diameter. The
grounded disc electrode has a diameter of ~35 mm and is ~3 mm thick. This disc was

made of stainless steel.

In the present work, the inter-electrode gap length of 100 + 5.89 um was used
throughout the experimental tests to ensure that each breakdown happens consistently
on the leading edge of the stressed HV pulse. Thus, a direct comparison between the
breakdown voltage and time to breakdown for all tested gases at different pressures

was made in the case of positive and negative polarities of the HV impulses.

126



Micrometer

Micrometer shaft

Sealed cylindrical container

Gas inlet/outlet

Figure 5.4 Photograph of the needle plane test cell

Figure 5.4 shows a photograph of the needle-plane test cell. The test cell was placed
inside a larger grounded Faraday cage to avoid potential electromagnetic interference.
The investigated gases were delivered into the test cell through the gas inlet/outlet port

fitted to the test cell using the gas control and distribution board.

5.2.2 Gas control and distribution system

A gas control and distribution system was developed to change the gas within the test
cell and to keep the required pressure. It consists of a custom-built gas control and

distribution board, the botted gases, and a rotary vacuum pump.
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air N2 Digital pressure gauge (OMEGA)

~—

CO2 Digital pressure controller (Alicat)

Figure 5.5 Gas control and distribution board and bottled gasses

As illustrated in Figure 5.5, gas bottles are located in the control room of the lab. These
gas bottles filled with air, N2 and CO, were purchased from BOC Ltd., Surrey, UK (a

member of the Linde Group).

As shown in the specifications provided by BOC, the bottled air is “Zero grade” air
which is the 79%/21% N2/O, mixture (N2 has a purity of 99.998%, O has a purity of
99.6%); the bottled N2 has a purity of 99.998%); the bottled CO> has a purity of 99.8%.

For the custom-built gas control and distribution board, a digital pressure controller
purchased from Alicat Scientific Inc, Tucson, AZ, USA (Alicat PC-1500PS1G-D) was
used to set and control the pressure inside the sealed test cell. The rotary vacuum pump
(Edwards BS.2212) was used to evacuate the gas from the sealed test cell. A digital
pressure gauge purchased from Omega Engineering Ltd., Manchester, UK (OMEGA
DPGM409-010BG) was used to monitor the pressure in the spark-gap switch of the
HV Blumlein pulse generator.
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5.2.3 HV pulse generator and diagnostics devices

In order to study the transient breakdown characteristics under the condition of the
HV impulses, it is important to have a pulsed power supply system capable of

generating the impulsive waveform with the required rising time and amplitude.

The custom-built HV pulse generator based on the Blumlein line circuit was used
throughout the tests to deliver the required voltage impulse to the test cell. The
schematic diagram for the experimental test configuration incorporating the HV pulse
generator, the test cell, and the diagnostic instruments is illustrated in Figure 5.6 [Liu,
2021].
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Re:iri:rg Transmission Line Transmission Line
iy 5 0} i 7\
\J \ \/ /
Test Cell 100{1!
1
soné Micrometer Coupling
Capacitor itch
- Gas Switc I
e HV
Probe £ | Oscilloscope
Current
Transformer
—0— v
<V Faraday Cage

Figure 5.6 Experimental arrangement incorporating Blumlein-based HV pulse generator, test cell and

diagnostic instruments

As shown in Figure 5.6, the HV pulse generator comprises seven main components,
including a DC voltage power supply, a trigger generator, two transmission lines, a
self-closing spark-gap switch, the charging resistor, the coupling capacitor, and the

matching resistors.
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The DC power supply (Glassman HV DC EH50P2) is capable of supplying a voltage
of up to 50kVdc, and a current of up to 2mA, and its output ripple of less than 0.03%
at full load was used to charge the two cable lines “transmission lines” (URMG67
coaxial cable, each 25 m long) through the charging resistor of 100 kQ. These

characteristics are detailed in Section 5.3.1.

The spark-gap switch (air-filled trigatron) was triggered by the trigger generator
(Samtech TG-01) produced by SAMTECH Ltd., Glasgow, Scotland, using the voltage
up to ~37 kV. The coupling capacitor of ~245 pF is composed of eleven capacitors in
series (TYPE 09000/062, 2700 pF £ 20%, 30 kV DC). This combined capacitor was
placed between the output of the Blumlein generator and the needle electrode of the
test cell. The matching resistors of 50 Q and 100 Q were used to provide the HV

impulsive waveform with the required rising time, duration and amplitude.

Trigger generator Transmission line Charging resistor

Spark-gap switch  Matching resistor ~ Coupling capacitor

Figure 5.7 Arrangement of Blumlein circuit

As shown in Figure 5.7, the Blumlein-based HV pulse generator was used to produce
a rectangular HV waveform pulse with a rising time of up to ~ 50 ns and a duration of

~ 250 ns. The voltage waveform is shown later in Section 5.3.1.
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In order to measure the breakdown voltage and time to breakdown the current and
voltage waveforms were obtained using the following , diagnostic devices: a digitising

oscilloscope, a high voltage probe, and a current transformer.

The high voltage probe with the bandwidth of 75 MHz (Tektronix P6015A, bandwidth,
100 MQ input resistance, 3 pF input capacitance) produced by Tektronix Inc,
Beaverton, OR, USA was used to measure the breakdown voltage, this probe was
connected to the HV needle electrode of the test cell. The current transformer with the
bandwidth of 250 MHz (Pearson 6585) was used to obtain the current waveform.

The digitising oscilloscope with the bandwidth of 500 MHz (TDS5034B, 5 GS/s
sampling rate) produced by Tektronix Inc, Beaverton, OR, USA was used to register
voltage and current waveforms and to measure the breakdown voltage and pre-

breakdown time for each breakdown event.

Figure 5.8 illustrates the typical voltage and current waveforms for the negative
breakdown event in air at the pressure of 304 kPa. The breakdown voltage Upr-ch and

corresponding pre-breakdown time tyr are indicated in this figure.
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t (ns)

Figure 5.8 Voltage and current waveform for breakdown event in air (304 kPa). Upr.chand tyr are

shown in this Figure

The breakdown voltage Uprch was measured at the time when the first significant
transient pre-breakdown disturbance (spike) appears in the current waveform. The pre-
breakdown time, tor, was obtained as the time interval between the start of the voltage

impulse and the first significant transient disturbance in the current waveform.

The initial body of the breakdown plasma channel forms during the development of
the main streamer that propagates to the point of breakdown, which may be after initial
pre-breakdown streamers have crossed the gap, or when a cathode-directed streamer
meets an anode-directed streamer together in the gap [Laity, 2011]. As a result, the
current disturbances are observed in the current waveform [Beloplotov, 2018],
[Rep’ev, 2006].

Ubr-ch IS the voltage at which the initial breakdown channel across the gap is formed.

The noticeable current disturbance (spike) in the current waveform corresponds to the
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main streamer after the initial streamer(s), which starts to develop through this channel
and leads to plasma heating and the formation of a highly conductive plasma-filled
ch7annel between the needle and plane electrode. Consequently, the current rises

sharply, and the voltage collapses when the thermalized plasma channel is formed.

It has been found that under the conditions of the present experiment, the same time
interval, ~(11-12) ns, from the first significant current spike to the moment of the
sharp rise in the current, has been observed for all tested gases and gas pressures. Thus,
it is believed that this time is determined by the parameters of the HV impulses circuit

used in the experimental tests rather than by the properties of gases.

Since no significant noise has been observed at the initial part of the HV waveform

produced by the Blumlein generator, the breakdown voltage Upr-ch is readily obtained.

However, the measured pre-breakdown time is distorted because of the rise time of
the Tektronix HV P6015A probe. Therefore, the degradation in the measured pre-

breakdown time should be taken into account.

The bandwidth of the Tektronix HV P6015A probe is ~ 75 MHz. Thus, the
corresponding rise time of the probe trise Can be obtained by Equation 5.1 [Mankowski,
1998]

, __035 _ 035
"€ T fpanawiacn | 75MHz

~ 5ns (5.1)

where trise is the rise time of probe, feandwidth i the bandwidth of the Tektronix HV
P6015A probe.

In order to compensate for the inaccuracy in time to breakdown, the compensated time
to breakdown, tor, was used, this compensated time was obtained by taking the square
root of the difference of squares of the measured breakdown time and the probe rise
time [Dorf, 1993].
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tyr = [t — 57 (5.2)

where t; is the pre-breakdown time measured from the experimental test, t2 is the rise
time of the Tektronix HV P6015A probe, t~ 5 ns.

The compensated time to breakdown, tyr, Equation 5.2, has been used in the presented

analysis.

5.3 Modelling of the HV impulses and electric field in the

test cell

In order to achieve the required pulse waveshape and to optimize parameters of the
HV pulse generator circuit, an equivalent RLC circuit of the Blumlein-based HV pulse
generator was developed using PSpice software (OrCAD v.16.6).

In this section, the simulation of the Laplacian electrostatic field distribution using
QuickField (v.6.5) electrostatic software is also described to investigate the
breakdown characteristics in the needle-plane topology test cell. The values of the
electric field at the needle electrode obtained in these simulations will be used to plot
the field-time breakdown characteristics of different gases in Section 5.5.

5.3.1 RLC lumped-element equivalent circuit of the HV
Blumlein-based pulse system

The Blumlein generator can generate nanosecond HV impulses with the same
amplitude as the magnitude of the charging voltage when the load resistance is twice
higher than the impedance of the transmission line, [Haddad, 2004].

134



In this work, the RLC lumped-element equivalent circuit of the HV Blumlein pulsed
system has been developed using PSpice software, as shown in Figure 5.9. Two

transmission lines, T1 and T2, used the URMG67 coaxial cable (each 25 m long).

According to the specification of the URMG67 coaxial cable, the nominal inductance
of this cable is 250 nH/m, the nominal capacitance of the cable is 100 pF/m, and the

characteristic impedance of the cable is 50 Q.

Polyethylene is used as an insulating material between the inner core and the outer
braid of the URM67 cable. Thus, the propagation velocity, u,, of the pulse travelling
along the URMG67 coaxial cable is

C
u = =
P \/.ur & A1:2.2

=~ 0.67 ¢ (5.3)

where wu,, is the velocity, ¢ is the light speed in vacuum of ~3 - 108(m/s), u, is the

relative magnetic permeability of u,~1, and &, is the relative electrical permittivity of

&~2.2, [Wilson, 2011]. Therefore, the propagation velocity, u,, of the pulse in the
URMG67 cable is 0.67-c= 2108 m/s.
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The matching resistance R3 is 100 Q (which is two times higher than the
characteristics impedance of the URMG67 cable, 50 Q). Thus, the pulse amplitude
across the load is nominally the same as the charging voltage provided by the HV DC

power supply.

As shown in Figure 5.9, the transmission lines T1 and T2 are charged via the charging
resistor, R1 (100 KQ). When the switch, S2, is triggered, a voltage wave starts to
propagate along T1. This wave reaches the load (the test cell) via the coupling
capacitor C1. The rise and fall times of the HV impulse are affected by the inductance

of the circuit and the stray capacitance in the circuit [Haddad, 2004].

Using the propagation velocity of the wave, the duration of the HV impulses generated

by this Blumlein circuit can be obtained

Zlcable 2:25m
twidth = = 2108 s

~ 250 ns (5.4)

Up

where t,,;q¢ is the pulse width, I.4p; is the cable length, T1 and T2, (25 m), u, is

the propagation velocity of the pulse along the URM67 cable (~ 2 - 108 m/s).

As shown in Figure 5.9, the proposed equivalent circuit of the test systems includes
not only the HV pulse generator, but also the lumped RLC circuit for the HV probe
and the test cell. The needle electrode of the test cell is represented by an inductor and

resistor connected in series, shown as segment LR1 in Figure 5.9.

Segment LR2 in Figure 5.9 represents the discharge channel, this segment consists of
Cp - the capacitance of the gap between electrodes, and C> ~ 1.37 pF, the capacitance
of the needle-plane test cell obtained by modelling this tests cell in the QuickField

software.

An HV Tektronix P6015A probe is represented by a 100 MQ resistor and a 3 pF
capacitor connected in parallel [Merciris, 2020], shown as segment RC1 in Figure 5.9.
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In all practical pulsed power systems, parasitic inductances are unavoidable. The
parasitic inductances associated with conductors, Lp are included in the equivalent

circuit of the HV pulse generator shown in Figure 5.9.

The parasitic inductances of the connection cable(s) with a length of | and radius of r

can be calculated using the equation for inductance of a straight conductor [Grover,
1946]

2l 3
where, Lp is the inductance in unit of pH, | is the wire length in cm, r is the wire radius

in cm.

i
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|
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Figure 5.10 Calculated inductance values for a wire with ~1.6 mm diameter (Equation 5.5) as a
function of wire length
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Using Equation 5.5, the inductance of the wires with a diameter of ~1.6 mm was
obtained and shown in Figure 5.10. The diameter used in this analysis represents the
diameter of the conductors used in the practical system. [Grover, 1946] also provides
an equation for inductance of a straight conductor at higher frequencies, however the
difference between these two equations for the practical case considered in this study

is only 3-4%.

22—

| 1 1 L | L 1 L | L ] L | L ] L |

0 50 - 100 150 200 = 250° 300 @ 350 400 450 500

t (ns)
Figure 5.11. A positive impulse voltage waveform across the needle-plane test cell, obtained by the

PSpice model shown in Figure 5.9 at the condition of the charging voltage of 10 kV was applied

As illustrated in Figure 5.11, the PSpice model provides a positive rectangular impulse
with a rising time of ~50 ns and duration of ~250 ns. The output pulse has the same

polarity and magnitude as the charging voltage.
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Figure 5.12. (a) A negative impulse voltage waveform across the needle-plane test cell, obtained by
the PSpice model shown in Figure 5.9 at the condition of interchanging A-B to C-D and the charging
voltage of 10 kV was applied. (b) Practical waveforms provided by the HV pulse generator, time and

voltage scales are: Horizontal axis, 40 ns/division; Vertical axis, 2 kV/division.

In order to obtain a negative impulse without changing the polarity of the HV DC
source, we can reverse the load connections to the matching resistor Rz, As shown in
Figure 5.9, by interchanging A-B to C-D, the polarity of outputs impulses will be

reversed.

As illustrated in Figure 5.12, the PSpice model provides a negative rectangular
impulse with a rising time of ~50 ns and duration of ~250 ns. The observed overshoot
in both simulated waveform and practical HV impulse is due to stray elements

(inductance in particular) in the Blumlein circuit.

The output pulse has an opposite polarity to the charging voltage provided the HV DC
power supply. The practical waveforms provided by the HV pulse generator are in
good agreement with the simulation results obtained by the RLC lumped-element

equivalent circuit.
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Therefore, this Blumlein impulse generator has been employed to provide high voltage
rectangular impulses of both polarities with a ~250 ns duration and with a rise time of
~50 ns. This generator was used to investigate the breakdown characteristics of air, N2
and CO; at different pressures in the sub-mm gap.

5.3.2 Modelling of electric field distribution in test cell

A test cell with the needle plane topology has been simulated using QuickField
software. The needle plane topology with a 100 um gap between the HV needle
electrode and the ground plane electrode is shown in Figure 5.13.

Figure 5.13. Configuration of the needle plane topology simulation in QuickField software

The charging voltage is applied to the needle electrode with a tip radius of 80 um, and

the plane is set as the ground electrode.
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Strength HYV needle electrode
E (10%v/m)
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0.000 Grounded plane electrode

Needle radius = 80 pm

Gap = 100 pm

Figure 5.14 The 2D distribution of the electric field in the needle-plane topology by QuickField
software

As shown in Figure 5.14, the 2D electric field distribution has been obtained between
the needle and plane electrodes. It can be seen that the maximum electric field, Etip, of
~1.16-10° kV/cm is achieved at the tip of the needle electrode, when the needle is
stressed with 10 kV. Etip values obtained for specific values of the breakdown voltages
will be used in Section 5.5 to plot the field-time breakdown characteristics for different
gases, in order to compare the obtained experimental results with the literature data

and modelling results performed in a uniform electric field.
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5.4 Analysis of uncertainties in experimental

measurements

Uncertainty exists in any measurements, it arises from different sources such as not
well defined or known measurement errors, sampling issues, environmental factors,
and operator skill [Bell, 2001]. In the present work, the uncertainty in the
measurements has been considered to assess the quality of the experimental results.

There are two main approaches to the evaluation of uncertainty: Type A evaluation
(the uncertainty is evaluated by statistical analysis using data obtained from a series
of observations) and type B evaluation (evaluation of the uncertainties caused by
unknown or not well-known fixed measurement errors, this evaluation is typically
based on the scientific judgment which takes into account all specific details and
relevant information). These two approaches were used to estimate the uncertainties
in the measurements of the gap between electrodes, the breakdown voltage, the time
to breakdown, the reduced electric field, and the product of the gas number density
and the time to breakdown. This analysis has been conducted in accordance with “The

Expression of Uncertainty and Confidence in Measurement” guide [UKAS, 2012].

Table 5.1 provides the components of the uncertainty in the gap between electrodes
obtained using type B evaluation. Type B evaluation of uncertainties is typically used
to obtain individual components with fixed but not well-known errors. Therefore, the
uncertainties in the micrometer measurements and the electrode surface damage or
erosion have been evaluated using Type B procedures. The upper and lower limits of
the uncertainty in the measurement of the gap between electrodes have been obtained.

The interval between the two nearest divisions was considered to estimate the
uncertainty in measurements performed by the micrometer. This interval is 10 pum,
and thus it results in an error of no more than 5 um. The micrometer readings are
assigned a rectangular distribution, leading to the standard uncertainty of 5um//3 =
2.887 pum.
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For estimation of the uncertainty in the inter-electrode gap caused by the damage or
erosion of the electrode surface, it was assumed that this variation does not exceed 1%,
leading to a possible error of £1 um. A rectangular probability distribution is assumed.

Thus, the standard uncertainty is 0.577 pm (i.e., 1pm/v/3 = 0.577 pm).

The combined standard uncertainty is the square root of the sum of squares of each

individual standard uncertainties

U, = Euf (5.6)

where u, is the combined standard uncertainty, u; is the individual standard

uncertainty. Thus, the combined standard uncertainty in the gap between the

electrodes, as listed in Table 5.1, is V2.8872 + 0.5772 = 2.944 um.

The expanded uncertainty is calculated by multiplying the combined standard

uncertainty by a coverage factor k

Expanded uncertainty = k u, (5.7)

where k is a coverage factor. Different values of the coverage factor correspond to
different confidence levels. Some commonly used coverage factors for uncertainties
in normally distributed values are: k = 1 for a confidence level of ~ 68%; k = 2 for a
confidence level of ~ 95%; k = 3 for a confidence level of ~99.7%. In the present work,
the coverage factor k = 2 was used to evaluate the expanded uncertainty. It provides
~95% confidence level. Thus, the expanded uncertainty in the gap between the
electrodes is the combined standard uncertainty multiplied by k=2: 2-2.944 uym =
5.888 um.
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TABLE 5.1

Analysis of the uncertainty in the gap between electrodes

) Probability o Standard
Source of uncertainty | Value £ o Divisor )
distribution uncertainty
Micrometer scale 5 um Rectangular \3 2.887 um
Damage or erosion
1 um Rectangular V3 0.577 um
effect of surface
Combined standard
) Assumed Normal 2.944 um
uncertainty
Expanded uncertainty
5.888 um

in the inter-electrode

gap

coverage probability of approximately 95 %

The expanded uncertainty in the inter-electrode gap obtained by equation (5.7) is
100.00 um £5.89 um at the confidence level of ~95%.

Table 5.2 presents the uncertainty in measurements of the positive breakdown voltage

in air at 101 kPa. In this case, the evaluations of both types A and B are used. Type A

evaluation is typically used to obtain the repeatability uncertainty (for repeated

readings that are normally distributed). In this case, the estimated standard uncertainty

can be calculated as

u, =s/\n

(5.8)
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where u,. is the estimated standard uncertainty, S, is the estimated standard deviation,

n is the number of measurements.

In the present experimental work, the positive breakdown voltage for air at 101kPa
was obtained as an average value of 60 measurements, n = 60, with an estimated
standard deviation of 0.43 kV. Thus, the estimated standard repeatability uncertainty

0.43kV
V60

in the breakdown voltage is = 0.056 kV (Table 5.2).

Other components in the combined uncertainty in the breakdown voltage can be
evaluated using the Type B procedure, as these uncertainties are associated with the
breakdown voltage and equipment settings. The average positive breakdown voltage
for air at 101kPa obtained in the present work is 7.65 kV. An error of less than 5% is
assumed in each measurement when a voltage reading is taken from the oscilloscope
(i.e., £0.383 kV, which is 5% of 7.65 kV ). It is also assumed that the quantities in
question are distributed normally. Thus, the standard uncertainty in the breakdown
voltage is 0.383 kV/2 =0.192 kV (Table 5.2). A limited variation of 1% is considered
as the error in settings (i.e.,£0.077 kV which is 1 % of 7.65 kV). The rectangular

distribution is assigned to the quantity in question. Thus, the standard uncertainty in

the equipment settings is 0.077 kV/7/3 =0.044 kV (Table 5.2).
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TABLE 5.2

Uncertainty in the positive breakdown voltage of air at 101kPa

] Probability o )
Source of uncertainty | Value+ | Divisor |Standard uncertainty
distribution
Breakdown voltage [0.383 kV| Normal 2 0.192 kV
Repeated readings  |0.056 kV| Normal 1 0.056 kV
Equipment Settings |0.077 kV|Rectangular| 3 0.044 kV
Combined standard
o Assumed
uncertainty in 0.205 kV
Normal
breakdown voltage
Expanded uncertainty in 0.410 kv
breakdown voltage coverage probability of approximately 95 %

The combined standard uncertainty and the expanded uncertainty can be obtained by

Equations 5.6-5.7. The combined standard uncertainty in the positive breakdown

voltage for air at 101 kPa is v0.1922 + 0.0562 + 0.0442 = 0.205 kV; and the
expanded uncertainty is 2 - 0.205 = 0.410 kV (Table 5.2)

Therefore, it can be stated that the positive breakdown voltage of air at 101 kPa is 7.65

kV +0.41 kV at the confidence level of ~95%. Using this approach, we can obtain the
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uncertainty in the breakdown voltage for both positive and negative polarities at

different pressures for all investigated gases.

Table 5.3 provides the uncertainty in the time to breakdown in air at 101 kPa for
positive polarity. The same methodology as in the case of the combined expanded
uncertainty in the breakdown voltage described above was used. The experimentally
obtained average time to breakdown is 27.58 ns, and its estimated standard deviation
is1.61 ns.

Thus, the estimated standard repeatability uncertainty in the time to breakdown

1.61ns

V60
breakdown is assumed to be less than 5% (i.e., £1.379 ns which is 5% of 27.58 ns

obtained by Equation 5.8 is = 0.208 ns (Table 5.3 ). The error in the time to

and it is also assumed that tur values are normally distributed.

It is assumed that the error in the equipment settings is less than 1%
(£0.276 ns, which is 1% of 27.58 ns) and the quantity in question is rectangular
distributed. Thus, the standard uncertainty in the time to breakdown is 1.379 ns/2 =
0.690 ns, Table 5.3. The standard uncertainty in the settings is 0.276 kV/v/3 = 0.159
kV.
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TABLE 5.3

Analysis of uncertainty in the time to breakdown in air at 101kPa for positive

polarity
) Probability o Standard
Source of uncertainty Value = o Divisor ]
distribution uncertainty
Time to breakdown 1.379 ns Normal 2 0.690 ns
Repeated readings 0.208 ns Normal 1 0.208 ns
Settings 0.276 ns | Rectangular V3 0.159 ns
Combined standard
S Assumed
uncertainty in time to 0.738 ns
Normal
breakdown
1.476 ns
Expanded uncertainty in tyr
coverage probability of approximately 95 %

The combined standard uncertainty in the positive breakdown voltage of air at 101

kPa is obtained by Equation 5.6, and it is v0.6902 + 0.2082 + 0.1592 = 0.738 ns
(Table 5.2) The expanded uncertainty obtained by Equation 5.7 is 2-0.738 =
1.476 ns.

As a result of this analysis, it can be stated that the time to breakdown in air at 101
kPa for positive polarity is 27.58 ns +1.48 ns at the level of confidence of ~95%. Using
this approach, we can obtain the uncertainty in the time to breakdown for both positive

and negative polarities at different pressure in all investigated gases.
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Table 5.4 presents uncertainty analysis in the measurements of the reduced breakdown
electric field, E/N, in air at 101 kPa for positive polarity; Type A and Type B
evaluations were used in this procedure. Each individual component of the uncertainty
has been presented in Tables 5.1-5.3. The uncertainty in the measurements of pressure
is evaluated by the Type B procedure. An error of 10% (i.e., £10.1 kPa, which is 10%
of 101 kPa) is assumed in the pressure readings, and the quantity in question is

rectangular distributed.

In complex cases, which include multiplication and division of different quantities the
relative or fractional uncertainties can be used. The relative standard uncertainty is a

dimensionless parameter obtained by division of the standard uncertainty in the
quantity in question, ui, by this quantity, i: % Thus, the relative combined standard

uncertainty is the square root of the sum of squares of the individual relative standard

uncertainties

U, Ui\ 2
2= 2 9

where % is the relative combined standard uncertainty of quantity z; '% is individual

relative standard uncertainties.
The combined uncertainty in the time to breakdown in air at 101 kPa for positive
polarity includes the following components:

5.831kPa
101kPa

the relative standard uncertainty in the pressure gauge, = 58 ppt;

the relative standard uncertainty in the gap between electrodes, % = 29 ppt;

the relative standard uncertainty in the damage or erosion effect, 01121? = 6 ppt;

0.192kV

the relative reading uncertainty in the breakdown voltage, e 25 ppt;

150



the relative uncertainty in repeatable measurements of the breakdown voltage,

0.056kV
7.65kV

=7 ppt;

the relative uncertainty in the equipment setting, 07'06454;(: = 6 ppt.

TABLE 5.4
Uncertainty in f E/N in air at 101kPa for positive polarity
N Relative
) Probability o
Source of uncertainty | Value + o Divisor|  standard
distribution )
uncertainty
Micrometer scale 5 um Rectangular V3 29 ppt
Damage or erosion effect
1 um | Rectangular | 3 6 ppt
of gap
Pressure gauge
_ 10.1kPa | Rectangular | 3 58 ppt
uncertainty
Breakdown voltage |0.383 kV Normal 2 25 ppt
Repeated reading of
0.056 kV Normal 1 7 ppt
breakdown voltage
Settings 0.077 kV| Rectangular | 3 6 ppt
Relative combined Assumed
) 70 ppt
standard uncertainty Normal
Expanded uncertainty in 140 ppt / 501.2 Td
E/N coverage probability of approximately 95 %
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The relative combined standard uncertainty and the expanded uncertainty can be
calculated by Equations 5.9 and 5.7. The relative combined standard uncertainty in

E/N in air at 101 kPa for positive polarity is presented in Table 5.4. It is

V292 + 62 + 582 + 252 + 72 + 62 = 70 ppt. The expanded uncertainty is 140 ppt
(501.2 Td).

Therefore, it can be stated that the reduced breakdown electric field E/N in air at 101
kPa for positive polarity is 3580.0 Td £501.2 Td, with ~95% confidence level. Using
this approach, we can obtain the uncertainty in the reduced breakdown electric field

for positive and negative polarities at different pressures in all investigated gases.

Table 5.5 presents the uncertainty in the product of the number density of the gas, N,
and the time to breakdown, tor, Ntor, for positive polarity at 101 kPa in air. The
individual components of the uncertainty in the gap between electrodes and the time

to breakdown have been analysed in Tables 5.1 and 5.3.

The relative standard uncertainty can be obtained using Equation 5.9. In Table 5.5, the

5.831kPa
101kPa

relative standard uncertainty in the pressure gauge is = 58 ppt. The relative

0.690s

reading uncertainty in the time to breakdown is ———
27.58us

= 25 ppt. The relative standard

8

uncertainty in repeated reading is % = 8 ppt. The relative standard uncertainty in

0.159n

the settings is
27.58n

Z = 6 ppt. Thus, the relative combined standard uncertainty in Ntpr

for positive polarity at 101 kPa in air presented in Table 55 is

V582 + 252 + 82 + 62 = 64 ppt. The expanded uncertainty is 128 ppt (8.806-10%°

s/m®).
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TABLE 5.5

Uncertainty analysis of Nty for positive polarity at 101 kPa in air

- Relative
_ Probability o
Source of uncertainty Value = o Divisor standard
distribution _
uncertainty
Pressure gauge 10.1 kPa | Rectangular V3 58 ppt
Time to breakdown 1.379 ns Normal 2 25 ppt
Repeatable readings 0.208 ns Normal 1 8 ppt
Settings 0.276 ns | Rectangular V3 6 ppt
Relative combined standard Assumed
. 64 ppt
uncertainty Normal
128 ppt / 0. 88-10%" s/m?
Expanded uncertainty in Nty
coverage probability of approximately 95 %

As a result, it can be stated that the product of the number density of gas and the time
to breakdown, Ntyr, for positive polarity at 101 kPa in air is: 6.88-10%" s/m® +0.88-10%
s/m? at the level of confidence of ~95%. Using this approach, we can obtain the
uncertainty in Nty for both positive and negative polarities at different pressure in all

investigated gases.
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5.5 Impulsive breakdown of air, N, and COg:

experimental results

The experimental results are divided into three groups to discuss the breakdown
characteristics of the investigated gases in the HV needle-plane topology. First, the
volt-time characteristics have been obtained for each gas, pressure, and impulse
polarity. Then, the field-distance characteristics were plotted using the electric field at
the tip of the needle obtained from the QuickField model. Finally, the time-field
characteristics have been plotted and examined to compare the results obtained in this

chapter with the literature data and simulation results obtained in Chapter 4.

5.5.1 Volt-time characteristics

The breakdown tests in air, N2 and CO> have been performed using HV impulses with
positive and negative polarities at pressures from 6.5 kPa to 405 kPa. The breakdown
voltage, Ubr-ch, and the pre-breakdown time, tor, have been obtained for each gas based
on 60 breakdown events (3 series of tests, each series consists of 20 breakdowns) in
total. These 60 values of Unr-ch and tur have been obtained for each specified charging
voltage and gas pressure using a procedure similar to what was used in [Krile, 2005]
(series of 20 breakdowns were performed) to determine the pre-breakdown delay time.

In order to keep the same conditions for each series of breakdown tests, a sample
preparation procedure was developed and used. Before each series of breakdown tests,
a new needle electrode was installed into the test cell and the ground electrode was
polished and cleaned with ethanol. The test cell was then evacuated and filled with a
fresh portion of gas using the gas control and distribution system described in Section
5.2.2.

In the experimental results on the breakdown voltage, Ubrch, N0 obvious functional
variation has been observed in the relationship between the breakdown voltage and
the breakdown number. It was shown that the value of the breakdown voltage, Ubr-ch,
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demonstrates random variation when plotted against the breakdown test number (for

60 breakdown events), as shown in Figure 5.15.

It demonstrates that the experimental data are not apparently affected by potential
variation in test conditions. Therefore, the obtained data were used to determine the
average values of the breakdown voltage and the time to breakdown. The charging
voltage provided by the HV DC power supply was increased from 10 kV to 35 kV
with an increase in the gas pressure in the test cell to ensure the occurrence of

breakdown.

A list of the charging voltages used at each gas pressure is: For air and N2, the charging
voltage was 10 kV for 6.5 kPa, 15 kV for 67.4 kPa and 101 kPa, 20 kV for 203 kPa,
25 kV for 304 kPa and 30 kV for 405 kPa. For CO», the charging voltage for pressures
up to the atmospheric pressure (6.5 kPa, 15 kV for 67.4 kPa and 101 kPa) was 10 kV.
Because of the higher breakdown strength of CO: at higher pressures, from 203 kPa
to 405 kPa, different charging voltages were used for these pressures; 25 kV for 203
kPa, 30 kV for 304 kPa and 35 kV for 405 kPa.
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Figure 5.15 Breakdown voltage against the breakdown test number for all tested gases. (a) Positive
polarity (6.5 kPa ~ 405 kPa) - breakdown voltage for air. (b) Negative polarity (6.5 kPa ~ 405 kPa) -
breakdown voltage for air. (c) Positive polarity (6.5 kPa ~ 405 kPa) - breakdown voltage for N.. (d)
Negative polarity (6.5 kPa ~ 405 kPa) - breakdown voltage for Na. (€) Positive polarity (6.5 kPa ~ 405
kPa) - breakdown voltage for CO,. (f) Negative polarity (6.5 kPa ~ 405 kPa) - breakdown voltage for
CO;
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The experimental tests were conducted using both positive and negative impulses; the
diagnostics devices described in Section 5.2.3 were used to measure the breakdown

voltage and the time to breakdown.

Figures 5.15 -5.16 show the breakdown voltage, Upr-ch, as a function of ty, for the
positive and negative impulse for air, N> and CO>. Each point represents the mean
value obtained from 60 breakdown events. The error bars represent the 95%
confidence intervals in the breakdown voltage and time to breakdown, calculated by

the approach discussed in Section 5.4.

In these graphs, a non-linear allometric function, Equation 5.10, was used to fit the
experimental data by OriginPro (v.2021) graphing software.

Ubrch = A - (tbr )-B (kV) (510)

where Upr-ch is the breakdown voltage in kV, ty is the time to breakdown in ns; A and
B are free fitting parameters. The value of A and B for both positive and negative

impulses for air, N, and CO; are given in Table 5.6.
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Figure 5.16 The breakdown voltage, Uprch, as function of ty, positive polarity: m air; @ N»; A COs.
Solid lines show fitting curves for each gas obtained by Equation 5.10. The error bars show the 95%

confidence interval in the breakdown voltage and time to breakdown
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Figure 5.17 The breakdown voltage, Upr.ch, as function of ty, negative polarity: (7 air; o Nz; A COa.
Dashed lines show fitting curves for each gas obtained by Equation 5.10. The error bars show the 95%

confidence interval in the breakdown voltage and time to breakdown
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TABLE 5.6
Parameters A and B for Equation 5.10 for air, N2 and CO-

Upbr-ch=A - (tbr)_B

Negative polarity Air N2 CO2
A 1.87-10° 3.53-10* 5.22-10°
B 2.83 2.37 3.05
Positive polarity Air N2 CO2
A 4.54-10% 5.29-108 3.18-10%
B 6.79 5.43 10.04

As shown in Table 5.6 higher values of A and B have been obtained for CO. as
compared to that for air and No. It also can be observed that CO, has a higher
breakdown voltage than the other two gases in the present electrode topology and

energisation conditions.
However, for CO the breakdown voltage as a function of time to breakdown decreases

faster than that for air and N> and becomes comparable with the breakdown voltages

for these gases at ~ 29 ns for positive impulses and at ~ 46 ns for negative impulses.
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With regards to the polarity effects, it has been found that the value of breakdown
voltage in the case of the negative energization is higher than that for the positive
energization at the same time to breakdown in all three gasses. The higher breakdown
voltage for negative energization could be due to the development of a negative space

charge that reduces the electric field in the gap.

5.5.2 Field-distance characteristics

To obtain the field-distance breakdown characteristics, the average values of the
breakdown voltage was used in the Quickfield model of the test cell to obtain the
maximum field at the tip of the needle electrode at the breakdown moment, Etip, for

each gas and gas pressure.

The obtained normalized electric field at the tip of the needle electrode at the moment
of breakdown, E:ip/N has been plotted in Figures 5.17-5.19 as a function of the product
of the particle number density and the gap between electrodes Nd for air, N2 and CO».

An allometric function (5.11) was fitted to the experimental data to obtain the
functional behavior Eip/N (Nd). This fitting procedure was implements using

OriginPro graphing software (v.2021)

Eu/N=C (Nd)? (Td) (5.11)

where, C and D are the free fitting parameters. Nd is the product of the gas number
density and the gap separation between electrodes in units of 1/m? and Egp/N is the
normalized electric field at the tip of the needle in units of Td. C and D for the

investigated gases are given in Table 5.7.
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TABLE 5.7

Fitting parameters C and D, Equation 5.11, for air, N2 and CO-

Eiip/N=C-(Nd)®

Air N2 CO;
C 4.5-101° 1.0-10% 5.1-1016
D 0.56 0.63 0.61

Figures 5.17-5.19 provide the relationship between the normalized breakdown field at
the tip of the needle, E:ip/N, and Nd for air, N2, and CO», these values are compared

with the experimental data available in the literature.
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Figure 5.18 Ep/N as a function of Nd in air. Experimental data: o, negative polarity (the present work);
e, positive polarity (the present work); /A, negative polarity (monocone) [Carboni, 2001]; A, positive

polarity (monocone) [Carboni, 2001]; [, [Shao, 2006]. Solid line, fitting curve, Equation 5.11

Figure 5.18 shows the normalized electric field Eip/N as a function of Nd for air for
positive and negative energization. The reduced electric field at the needle tip Etip/N
obtained from the present work is located in the range of Nd from ~ 2:10%° 1/m? to ~
10% 1/m?. Egp/N declines with an increase in Nd. The error bars show the 95%

confidence intervals for the mean values of Eiip/N.

It can be found that the fitting function, Equation 5.11, is in line with the experimental
data by [Carboni, 2001] and [Shao, 2006] in the range of Nd from ~ 2:10%3 1/m? to ~
2.5-10%* 1/m?,
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Figure 5.19 E;p/N as a function of Nd in N2. Experimental data: o, negative polarity (the present work);
e, positive polarity (the present work); 2\, negative polarity (pointplane) [Carboni, 2001]; A, positive
polarity (point-plane) [Carboni, 2001]; =, [Cai, 2010]; [, [Dick, 2000]. Solid line, fitting curve
Equation 5.11

Figure 5.19 provides the relationship between the normalized electric field E:ip/N and
Nd for N2 for both polarities: E:ip/N for negative and positive polarities (with the 95%
confidence intervals) is presented as open dots and the solid dots, respectively, in the
Nd range from ~ 2:10% 1/m? to~ 10% 1/m?.

The fitting curve (Equation 5.11) for the field E:p/N steadily declines with Nd. The
fitting curve in the range of ~ 2:10?? 1/m? to ~ 4-10%* 1/m? shows a good agreement
with the data from [Carboni, 2001], [Cai, 2010] and [Dick, 2000].
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Figure 5.20 Eqp/N as a function of Nd in CO,. Experimental data, the present work: o, negative polarity;
e positive polarity. Experimental data [Kumar, 2021]: A, negative polarity; A, positive polarity. Solid
line, fitting curve Equation 5.11

Figure 5.20 presents Etip/N as a function of Nd for CO- for both polarities. The field at
the needle tip E:ip/N with error bars (95% confidence intervals) obtained in the present
experimental work is in the Nd range from ~ 2:10% 1/m? to ~ 10?2 1/m?; the data by

Kumar [Kumar, 2021] were obtained in the Nd range from ~ 10%* 1/m? to ~ 5-10%* 1/m?.

Comparing the fitting curve of Esip/N as presented in Equation 5.11 with Kumar’s data
[Kumar, 2021], it can be found that Equation 5.11 is consistent with data by [Kumar,
2021] in the range of Nd from ~ 10%* 1/m? to ~ 5-10%* 1/m?. In this range, there is a

clear trend of decreasing E:ip/N with Nd.
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5.5.3 Time-field characteristics

To obtain the time-field breakdown characteristics of air, N> and COg, the average
values of the time to breakdown (Section 5.5.1) were used to calculate the product of
the particle number density and the total time to breakdown, Nty for each gas and gas

pressure.

Typically, it is postulated that the total time to breakdown, tyr, equals the sum of the

statistical time, ts, and the formative time, t:

tyr = ts + t; (5.12)

In the present work the drift-diffusion and kinetic models provide the formative time
only. The total time to breakdown can be obtained from the experiments. Thus, if tor

and t; are known, the statistical time can be calculated.

Figure 5.21 shows the product of the formative time and gas humber density, Nt; as a
function of the normalized electric field E/N obtained by Equation 4.19 for air, N2,
CO», and SFe.

It also shows the total time to breakdown tor multiplied by the gas particle density N
as a function of the normalized electric field E:ip/N obtained experimentally in the

present work for air, N2 and CO..
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Figure 5.21 Time-field breakdown characteristic for different gases. Kinetic model, Equation 4.19, Nt;
as a function of E/N: air, dotted line; N, solid dark line; CO>, solid gray line; SFs, dashed line.
Experimental results obtained in the present work, Nty as a function of Egp/N: air, [Tnegative polarity,
mpositive polarity; N2, onegative polarity, epositive polarity; CO,, Anegative polarity; A positive

polarity

It can be found that the experimentally obtained time to breakdown tyr for the field in
the range from ~2 - 10° Td to ~2 - 10* Td is ~ 1000 times longer than the analytical

formative time t; .

The experimental results have been fitted with the analytical allometric fitting curves
using OriginPro graphing software (v.2021) in the field range from ~2 - 10° Td to ~2
-10* Td

Ntor =K (Esip /NYM  (s/m?) (5.13)
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where Eip /N is the normalized electric field at the needle tip in the unit of Td, and Nty
is the product of the gas number density and the time to breakdown in the unit of s/m?®.
K and M are the free fitting parameters, their values for air, N> and CO; are listed in
Table 5.8.

TABLE 5.8

Fitting parameters K and M, Equation 5.13, for air, N2 and CO»

Ntbr = K'(Etip/E)-M

Air N2 CO,
K 5.8-10% 8.1-10% 1.6-10%
M 1.35 1.38 1.44

Nt as a function of the reduced electric field E/N is presented in Figures 5.21 - 5.23,
for air, N2, and CO2. These figures include the experimental results, the results

obtained by the kinetic model discussed in Section 4.3.1, and the literature data.

An empirical equation "pt as a function of E /p" has been proposed by Martin [Martin,
1991]

pt = 97800 - (E/p) 344 (5.14)

where p denotes the density of gas in the unit of g/cm?, ¢ is the time to breakdown in

the unit of s, £ expresses the average electric field in the unit of kV/cm. Equation 5.14
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is based on the values of the specific gas constant [Snider, 1986], these values for air,
N2 and COg are listed in Table 5.9.

TABLE 5.9
Gas constant for air, N2 and CO2, [Snider, 1986]
Gas Rgas J/(kg -K)
Air 287.058
N2 296.8
CO2 188.9

The gas density is obtained by

p= p/(Rgas -T) (5.15)

where p is gas density in kg/m* (1 g/cm®=1000 kg/m?), T is the temperature in the unit
of K.

Using the following link between the pressure and number density, p=NTkg, we can

rewrite
gm
p (7) “t(5) 103 Ryqs + T = p(Pa) - t(s) (5.16)

kV
EC /e (%) +10%-1/(Ryqs - T) = E(kV/cm)/p(Pa) (5.17)
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p(Pa) - t(s)/(Tkg) = Nt(s/m*) (5.18)
kv
E()/p (Pa) - 10° - Tk - 10*! = (E/N)rq (5.19)

m
D) t(s) " 10* Ryqs - T

3y _ (5.20)
Nt(s/m>) Tk,
kV
(G kg
(E/N)1q = -105-103 - ———-10%! (5.21)
gm gas T
cc
kp
pt(s-gm/cc) = Nt(s/m3) - (=—) - 1073 (5.22)
Rgas
E (kKV/cm Ryas 93
- — : .10~ 2
; ( = /CC> (E/Nyra =10 (5.29)

Therefore, Nt for air, N2 and CO> can be obtained and these values are shown in Table
5.10.

TABLE 5.10
Nt for air, N2 and CO», [Martin, 1991]

Gas Nt (s/mq) as function of E/N (Td)
Air Nt = 2.16-10% - (E/N)~344
N> Nt = 1.99 - 1025 - (E/N)~344

CO; Nt =5.99-10%5 - (E/N)~344
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Based on these calculations, the equations provided in Table 5.10 for air, N2 and CO>
were used to plot Nt as a function of E/N in the field range from 100 Td to 1000 Td,
Nt (E/N) are shown in Figures 5.21-5.23.

Figures 5.21-5.23 provide Nt as a function of the reduced breakdown field, E/N, for in
air, N2, and CO; for both positive and negative polarities. Nt(E/N) relationships
obtained in the present work, are compared with the data from the literature obtained

in various experimental conditions.

Each original experimental point in Figures 5.21-5.23 represents the average value
obtained using 60 breakdown measurements. The error bars show the 95% confidence
interval values. Some error bar intervals are small and not clearly seen in these figures.
Analytical lines and literature experimental data points shown in Figures 5.21-5.23

have no error bars.
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Figure 5.22 Time-field breakdown characteristic for air. Experimental data from the present work, Nty
as a function of Egp/N: o negative polarity; e positive polarity. Fitting curves obtained in the present
work: dash dotted line, fitting curve Equation 5.13. Experimental data and analytical data from the
literature: A negative polarity (monocone) [Carboni, 2001]; A positive polarity (monocone) [Carboni,
2001]; x [Shao, 2006]; ¢ [Mankowski, 1998]; [, [Felsenthal, 1965]; dashed line [Martin, 1991];

mDrift-diffusion model; solid dark line, Kinetic model Equation 4.19, Nt; as a function of E/N

Figure 5.22 shows Nt (the product of the gas number density and the breakdown time)
as a function of the reduced electric field E/N for air. Ntor as a function of Egip/N (the
total time to breakdown tyr, the electric field Esip of the needle tip) was obtained in the
present experimental work for both polarities. Nt as a function of E/N (the formative
time t) for air was obtained using the drift-diffusion model and the kinetic model
(Equation 4.19); for comparison the experimental results were taken from [Felsenthal,
1965], [Martin, 1991], [Mankowski, 1998], [Carboni, 2001], [Shao, 2006].
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Felsenthal [Felsenthal, 1965] provides the formative time t; for air obtained in the
breakdown tests performed in the uniform field using HV pulses with the rising times
from 0.25 ns to 1.0 ns, the field range was from ~ 100 Td to~ 2-10* Td. The ultraviolet

light was used to stimulate electron production at the cathode.

The analytical breakdown curve for air was plotted using data from Table 5.10,
[Martin, 1991]. The total time to breakdown tyr obtained in the point-plane topology
in air in the field range from ~ 102 Td to ~ 2.5-10° Td was taken from [Mankowski,
1998]. Shao [Shao, 2006] provides the total time to breakdown tyr in the field range
from ~ 150 Td to ~ 480 Td for the uniform electrode topology.

The effective stress time, terr , was obtained in the experimental measurements using
the monocone electrode [Carboni, 2001], this time was obtained in the field range
from ~ 80 Td to 200 Td and is defined as the time interval between the 89% and 100%

of the breakdown voltage.

It has been found that the results obtained by the drift-diffusion and kinetic models are
in line with the experimental results [Felsenthal, 1965] and show a trend similar to
what was obtained by [Martin, 1991], [Carboni, 2001], [Mankowski, 1998], and [Shao,
2006].

It can be seen that Ntyr obtained in the present work are located in the range of E/N
from ~ 2-:10° Td to ~ 3-10* Td. The corresponding Nty range is from ~ 2.7-10* s/m*
to ~ 4.8:10% s/m®. Whereas, in the same range of E/N, the data and results from
[Felsenthal, 1965], [Mankowski, 1998], and the kinetic model show a significantly
lower value of Ntyr, in Figure 5.22.
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Figure 5.23 Time-field breakdown characteristic for N.. Experimental data from the present work,
Ntyr as a function of Eqp/N: o negative polarity; e positive polarity. Fitting curves for the present work:
dash dotted line, fitting curves from the Equation 5.13. Experimental data and analytical data from
literature: A\, negative polarity (point-plane) [Carboni, 2001]; V', negative polarity (monocone)
[Carboni, 2001]; +, positive polarity (point-plane) [Carboni, 2001]; ¥, positive polarity (monocone)
[Carboni, 2001]; x [Shao, 2006]; < [Mankowski, 1998]; (1 [Felsenthal, 1965]; dashed line [Martin,
1991]; m Drift-diffusion model; solid dark line, Kinetic model Equation 4.19, Nt; as a function of E/N

Figure 5.23 shows the field-time breakdown characteristics (Nt as a function of E/N)
for N2. This figure includes the data obtained in the present experimental work with
the error bars (95% confidence intervals); the simulation results obtained by the drift-
diffusion model and the kinetic model (Equation 4.19); and the results from other
research work obtained by [Felsenthal, 1965], [Martin, 1991], [Mankowski, 1998],
[Carboni, 2001], [Shao, 2006].
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The formative breakdown time for N, tr , was obtained by [Felsenthal, 1965] from
breakdown events stimulated by ultraviolet light, in the wide field range, up to ~ 10*

Td. The analytical curve was plotted using data from Table 5.10, [Martin, 1991].

Mankowski [Mankowski, 1998] investigates the total time to breakdown tor for N2 in
the field range from ~ 150 Td to ~ 860 Td. Carboni [Carboni, 2001] provides the
experimental measurements for the effective stress time terr for N2 in the field range
from ~ 65 Td to ~ 190 Td. Shao [Shao, 2006] presents the total time to breakdown tpr
in the field range from ~ 150 Td to ~ 500 Td .

Figure 5.23 shows the results obtained by the present models (Chapter 4), these results
are in good agreement with [Felsenthal, 1965]. As can be seen from Figure 5.23, Nt
demonstrates a decreasing trend with the increasing field. Higher values for Nty have
been obtained in the present work (Ntor is in the range from ~ 2.5-10'8 s/m® to~ 4.9-10%
s/m3), as compared with the values provided by [Felsenthal, 1965] and by the kinetic
model. This discrepancy can be attributed to the fact that the total breakdown time
consists of the statistical time and the formative time, the statistical time is
significantly longer than the nominal formative time provided by [Felsenthal, 1965]

and both models used in the present study.
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Figure 5.24 Time-field breakdown characteristic for CO,. Experimental data from the present work,
Nty as a function of Eqp/N: o negative polarity; e positive polarity. Fitting curves for the present work:
dash dotted line, fitting curves from the Equation 5.13. Experimental and analytical data from literature:
/Anegative polarity (rod-plane) [Kumar, 2021]; V positive polarity (rod-plane) [Kumar, 2021]; dashed
line [Marin, 1991]; m Drift-diffusion model; solid dark line, Kinetic model Equation 4.19, Nt as a
function of E/N

Figure 5.24 shows Nt as a function of E/N for CO». The experimental data obtained
using HV impulses of both polarities which provided E/N in the range from ~ 2:10°
Td to~ 3-10* Td. The values of Nty obtained in the present work are in the range from
~ 2.8-10* s/m® to ~ 4.9-10% s/m>. The analytical breakdown curve for CO, [Martin,

1991] has been analysed in Section 5.5.3 (Table 5.10).

The data from [Kumar, 2021] were obtained using the fields in the range from ~ 40
Td to ~ 100 Td. The breakdown time, defined by the authors as “the time duration
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between half the maximum amplitude of the pulse” was measured in the rod-plane

electrode topology.

As shown in Figure 5.24, the experimental measurements obtained in the present work
demonstrate a decreasing trend of Nt with the field, and E/N is ~10 times higher than
the analytical data obtained by the drift-diffusion and kinetic models and data from
[Martin, 1991] (at the same values of Ntyr).

Thus, the obtained experimental Ntor values presented in Figures 5.21-5.23 are larger
than the literature data and Nty values obtained by the kinetic model. This discrepancy
could be attributed to the short, ns, rising time of the applied impulsive voltage. It also
could be explained by the difference in the electrode topology, gap separation and gas

pressure used in the present tests and in the experiments described in the literature.

5.6 Discussion

This chapter is focused on the experimental measurements of the breakdown
characteristics of different gases in the needle-plane electrode topology with a gap of
100 um and a needle radius of ~80 um. Positive and negative HV impulses with the
rising time up to ~50 ns were used in these tests. The impulsive breakdown
characteristics have been obtained for air, N2 and CO, for gas pressures ranging from
6.5 kPa to 405 kPa.

The breakdown process in the needle-plane electrode topology can be described as
follows: when HV pulse is applied to the needle electrode, the electric field is
established across the gap between electrodes. The ionization process starts to develop
in the area close to the tip of the HV needle electrode where the field magnitude is

strongest, causing the exponential growth of free electrons.

However, due to significant rate of voltage rise, dVv/dt, of the applied impulse,

significant overvoltage can be achieved before the complete breakdown in the gap.
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Therefore, the breakdown voltage obtained in the present experimental work is higher
than the (static) DC breakdown voltage for all tested gases. These results are important
for analysis of fast, sub-ps transient (pre) breakdown processes because the
measurements performed under DC energization are not applicable in the case of short
HV impulses. Thus, the time-field characteristics should be used to characterize the

breakdown behavior of gases in such case, [Levatter, 1980].

The methodology used in the present experimental work to obtain the impulsive
breakdown voltages is in line with the methodology proposed by [Krile, 2006] and
[Levko, 2019], where all breakdown events were registered on the leading edge of the
applied HV impulses. The leading slope (the rate of voltage rise) of the voltage
impulse determines the impulsive breakdown volt-time characteristics. These
characteristics provide further insight into the dynamics of (pre-) breakdown processes
governed by the field-dependent electron transport parameters, such as the effective

ionization coefficient and mobility of charged species.

The experimental values of the breakdown voltage were used to obtain the breakdown
field, Eqp/N, at the tip of the needle in the range from ~10° Td to ~10* Td. Therefore,
the field-distance characteristics (E:ip/N as a function of Nd) and the time-field
characteristics (Ntyr as a function of E:ip/N) for air, N2, and CO2 have been established

and compared with the literature data.

The obtained field-distance characteristics have been fitted with the allometric
functions, E:ip/N=C(Nd)™, where C and D are fitting parameters specific for each gas.
It was found that these functions agree well with the literature data for the higher
values of Nd. Thus these scaling relationships can be used to provide a link between
the breakdown field, the gas number density and the gap between electrodes in the
gases. The time-field characteristics obtained in the present work (Ntyr as a function
of E:ip/N) provide the Ntyr values for each tested gas which are significantly higher
than the analytical Ntyr values obtained by the kinetic model. This discrepancy can be
attributed to the fact that the total breakdown time consists of the statistical time and
the formative time, the statistical time is significantly longer than the nominal

formative time provided by both models used in the present study. Further
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experimental investigation of the transient development of plasma streamers in
different gases, their initiation and propagation characteristics will help in
characterisation of the statistical, formative and thermalisation time intervals. This
future study could utilise fast optical diagnostic systems, which will provide
visualisation of streamers and will help in developing a more detailed understanding
and discrimination between different gas breakdown phases in the case of fast HV

impulsive stresses. However, this work is beyond the scope of the present project.

The breakdown results obtained in the present work are important for practical pulsed
power applications, for example they can be used in the development and optimization
of the operational characteristics of miniature plasma closing switches and other gas-
filled pulsed power components and systems.
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Chapter 6 Analysis of swarm parameters
and breakdown characteristics of air with
different humidity levels

6.1 Introduction

In many practical high voltage and pulsed power applications, the breakdown
characteristics of humid air are required. Information on the breakdown behaviour of
humid air is an essential factor in optimization and coordination of air-based insulation
of different high voltage systems that may operate in challenging environmental
conditions, including in air with elevated humidity, such as air-insulated equipment in
substations [Byrne, 2014].

Since the 1960s, the effect of humidity on the gas breakdown characteristics has been
investigated. For example, the experimental work by Prasad and Graggs [Prasad, 1960]
was aimed at the investigation of the ionization and attachment coefficients for humid

air and water vapour in the field range from ~ 90 Td to ~ 150 Td.

Ryzko [Ryzko, 1965] has conducted experimental measurements to obtain the drift

velocity of electrons in humid air and water vapour in the fields up to 300 Td.

Verhaart and Lann [Verhaart, 1984] have performed an experimental study to
investigate the influence of water vapour on the breakdown properties of air and
obtained the effective ionization coefficient of humid air in the low fields. They state
that the critical field for humid air is (E/N)cr = 104 Td. Stout and Dawson [Stout, 1978]
have conducted experimental measurements and of the effective ionization coefficient
for humid air in fields up to ~ 300 Td.
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The experimental analysis of the effective ionization coefficient of the water vapour
in the high field and the critical field for the water vapour have been presented by
Risbud [Risbud, 1979]; Hasegawa [Hasegawa, 2007]; and Sivos [Sivos, 2015].

However, detailed information on how humidity impacts the gas breakdown
characteristics is still lacking due to different temperatures and pressures used in the
experiments described in the literature. Thus, further analysis is required to predict

breakdown characteristics of air with different levels of humidity.

In this chapter, the swarm parameters and critical field of air with different levels of
humidity are investigated analytically. The effective ionization coefficients for air
with a relative humidity of 0%, 50%, and 100% are obtained. And the effect of
humidity on the breakdown characteristics of air is analysed using the streamer

breakdown criterion.

6.2 Effective ionization and critical field for air with

different relative humidity

The swarm coefficients can be calculated by the Boltzmann equation (BE). In the
present work, BOLSIG+ solver [Bolsig+, 2022], a free online program, is used to solve
the Boltzmann equation for different gases. It has been utilized to analyse the effect
of humidity on the swarm parameters in air based on the molar fraction for each

species at room temperature and atmospheric pressure.
A three-species (N2, Oz, and H>O) gas composition was used in the BOLSIG+ solver
to obtain the effective ionization coefficients and the critical field for air with 0%,

50%, 100% RH.

As there are different molar fractions of different species for air with different relative
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humidity levels, the following section starts with presenting the relationship between
the relative humidity and the molar fractions of each species, including the definition
of the total pressure of the gas, the partial pressure of the gas, the relative humidity
and the molar fractions.

The total pressure of the gas (humid air) is obtained as a sum of the partial pressures

of gas components: dry air and water vapour [Chen, 2018]

Pior = Pgq + By (6-1)

where Pga represents the partial pressure of the dry air, Pw denotes the partial pressure

of the water vapour, P,,; is the total pressure of humid air.

Relative humidity is a measure of the water vapour content in air. It is defined as the
ratio of the partial pressure of water vapour to the saturated pressure with water vapour

at given temperature

(6.2)

Ry

Psat

RH = -100%

where B, is the actual pressure of water vapour, and Py,; is the saturated pressure, RH

represents the relative humidity.
The total pressure of air, P;,;, at temperatures of 20°C (293.15K) and 26.85°C (300K),
is 101.3 kPa. Thus, using the saturation pressure of water vapour (Ps,;), for these two

temperatures, 2.34 kPa and 3.54 kPa respectively, [Irvine, 1984], the equation for the

pressure can be re-written as

P, = Psqt * RH (6.3)

where B, is the actual pressure of water vapour, and P, is the saturated pressure, RH
represents the relative humidity.
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TABLE6.1
Partial pressure of air with 50% RH and 100% RH
(300 K, 101.3 kPa)

Temperature  Relative Humidity B, Paq

(K) (%) (kPa) (kPa)

0 0 101.3
293.15 50 1.17 100.13
100 2.34 98.96

0 0 101.3

300 50 1.77 99.53

100 3.54 97.76

The partial pressure of water vapour, B,, and the partial pressure of dry air, P,,, at
relative humidities of 0%, 50%, 100% were obtained by Equation 6.3 and 6.1, and
these values are shown in Table 6.1. The values of the partial pressure of air with 50%
and 100% RH at 20°C agree with the literature data [Chen, 2018].

The molar fraction of dry air, y4,, and water vapour, y,,, can be calculated by the

ideal gas law, which is an equivalent to the fraction of partial pressure equation

X — Pda (64)
da Ptol
By (6.5)
X =
v Ptol
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where B, is the actual pressure of water vapour, and P,,; is the total pressure, x4 iS

the molar fraction of dry air, and water vapour, y,, is the molar fraction of water

vapour.
TABLE 6.2
Molar fractions of different species in air
(300K, 101.3 kPa)
Relative Humidity (%) Species Molar Fraction (%)
N2 79
Dry air, RH=0%
02 21
N2 77.62
All, O 20.63
RH=50%
H20 1.75
N2 76.24
al o 20.27
RH=100%
H.0 3.49

The species and their molar fractions in air at different relative humidifies of 0%, 50%,
and 100% at a temperature of 300K and pressure of 101.3 kPa were obtained by
Equations 6.4 and 6.5. These values are shown in Table 6.2. These calculated molar
fractions were then used in the BOLSIG+ solver to obtain the effective ionization
coefficients for air with 0%, 50%, and 100% RH.
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Figure 6.1 (a-n)/N as a function of E/N in air with relative humidity of 0% at 300K, 101.3kPa. Data
from BOLSIG+ solver [Morgan database]

Figure 6.1 shows the reduced effective ionization coefficient for air with a relative
humidity of 0% at 300K and 101.3 kPa calculated by using BOLSIG+ solver based
on the Morgan database, the molar fractions of N, and O> are 79% and 21%

respectively.

In the present work, a fitting curve for the reduced effective ionization coefficient for
air with the relative humidity of 0% in the field range from ~ 100 Td to ~ 5000 Td was
obtained using OriginPro (v.2021) graphing software. The exponential functions given

by Equation 6.6 were used to fit the ionization coefficient of the humid air
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ceri/N = 2.7-10Pexp (-800/(E/N+35)) —70-107%* 98.96 Td < E/N < 250Td
(6.6)
aefilN = 6.6-10Pexp (-1490/(E/N+150)) 250 Td < E/N < 5000Td

where ae#/N is the reduced effective ionization coefficient in the unit of m?, and E/N

is the reduced electric field in Td.

It was found that the critical field of the humid air is ~98.96 Td, which is in close

agreement with the value of the critical field (~94 Td) obtained for air in Chapter 3.
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Figure 6.2 (a-n)/N as a function of E/N in air with relative humidity of 50% at 300K, 101.3kPa.
Data from BOLSIG+ solver [Morgan database]
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Figure 6.2 shows the reduced effective ionization coefficient as a function of the field
E/N for air with a relative humidity of 50% was obtained using BOLSIG+ solver. The
analytical curve was fitted with the exponential functions in the field range from ~ 100
Td to ~ 5000 Td using OriginPro (v.2021) graphing software. These exponential

analytical functions are given by Equation 6.7

aeri/N = 2.7-10 2exp (-800/(E/N+35)) —80-102*  101.7Td< E/N <250Td
(6.7)
cert/N = 6.6-102exp (-1490/(E/N+150)) 250Td< E/N <5000 Td

It also can be seen that the critical field obtained for air with a relative humidity of
50% is ~ 101.7 Td.
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Figure 6.3 (a-7)/N as a function of E/N in air with relative humidity of 100% at 300K, 101.3kPa.
Data from BOLSIG+ solver [Morgan database]
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Figure 6.3 shows the reduced effective ionization coefficient as a function of the
electric field for air with 100% RH (solid line) obtained by the BOLSIG+ solver. The
field ranges from ~ 100 Td to ~ 5000 Td. The molar fractions (76.24% N2, 20.27% O>
and 3.49% H»O) were obtained from the Morgan database for 300K and 101.3 kPa, as

shown in Table 6.2.

An analytical curve fit to the reduced effective ionization coefficient for air with a
relative humidity of 100% in the field range from ~ 100 Td to ~ 5000 Td was obtained

using the exponential functions in OriginPro (v.2021) graphing software

aei/N = 2.7-10%exp (-800/(E/N+35)) —85-107%  103.8Td<E/N <250 Td
(6.8)
cert/N = 6.6-102exp (-1490/(E/N+150)) 250 Td < E/N <5000 Td

It was found that the critical field for air with a relative humidity of 100% is ~ 103.8
Td, which is consistent with [Verhaart,1984].

TABLE 6.3
Critical field (E/N)c for air with different RH

Thermodynamic

N Relative humidity (E/N)cr ,(Td)
conditions
0% 98.96
300K
50% 101.7
101.3kPa
100% 103.8

The critical field, (E/N)cr, for air with a relative humidity of 0%, 50%, and 100% was
obtained from the effective ionization coefficients at the condition when the effective

ionization coefficient equals zero. The critical fields obtained for air with different
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relative humidities is summarised in Table 6.3. It can be seen that the higher humidity
has a higher critical field at the temperature of 300K and pressure of 101.3 kPa

(discussed in Section 6.4).

6.3 Breakdown Voltage for air with different relative

humidity

The avalanche-to-streamer transition criterion is used to obtain the value of breakdown
voltage for air with a relative humidity of 0%, 50%, and 100% in the uniform electric

field. This breakdown criterion is given by Equation 6.11

where d is the minimum distance, the avalanche should travel to accumulate sufficient

charge to complete its transition into the streamer, a,f is the effective ionization

coefficient, K* is the changeable constant parameters (in the present work, K*=8,

K*=12, K*=18 were used, separately), N is the number density of the gas.

Based on the streamer breakdown criterion, the breakdown voltage, Uy, , in the

uniform field can be calculated by

(6.12)
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where Uy is the breakdown voltage, E is the electric field, d is the gap between
electrodes, and E/N is the reduced electric field.

To obtain the reduced electric field E/N for air with the relative humidity of 0%, 50%,
and 100%, Equations 6.6-6.8 for the reduced ionization coefficient were re-written for

the reduced electric field, i.e., E/N as a function of «.;,, for each relative humidity

0%RH E/N:-soonn((%wo.loﬂ)/z.?.10*20) 35 0< %4_5.10*21 m? (6.13)
E/N=-1490/In(~.£/6.6-10 %) -150 15-10 2 m?< =< 4.9.10°0 m?

50%RH E/N:-800/In((%+80~10’24)/2.7~10’20) 35 0< %4.5.10721 m2 (6.14)
E/N=-1490/In(=£ /6 6-10 %) -150 15102 m?< £ 4.9.10 20 m?

100%RH E/N:-800/In((%+85-10’24)/2.7-10’20) 35 0< %4.5.10721 m2 (6.15)
E/N:-1490/|n(%/e.alo%) -150 1.5.102 m2< %< 4.9:1020m?

where E/N is the reduced electric field in Td, ces/N is the reduced effective ionization
coefficient in the unit of m? calculated by Equation 6.11 depending on different K*
(K*=8, K*=12 and K*=18 are used in the present work). Two different ranges of %
were used to provide more accurate fit of the normalised electric field, E/N, to the

available experimental data.

Therefore, at a temperature of 300K and pressure of 101.3 kPa, the relationship
between the breakdown voltage and the product of the pressure and the gap between
electrodes for air with a relative humidity of 0%, 50%, and 100% was obtained using
Equations 6.11 and 6.12.
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Figure. 6.4 Breakdown voltage Uy as a function of pd for air with 0%RH. Paschen curve for air
[Dakin,1974]: solid red line

The breakdown voltage, Uy, as a function of pd for air with different relative humidity
values is plotted in Figure 6.4, providing the comparison between Uy, obtained for
K*=8, K*=12 and K*=18. For comparison, the Paschen curve for air obtained from
[Dakin,1974] is also shown in Figure 6.4.

It was found that at the room temperature and atmospheric pressure, the minimum
breakdown voltage of air with 0%RH, for pd ~ 10 kPa-cm, and K*=8 is ~ 3.78 kV; the
minimum breakdown voltage for K*=12 is ~ 4.19 kV, and the minimum breakdown
voltage for K*=18 is ~ 4.72 kV.
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Figure 6.5 Uy as a function of pd for air with 50% RH. solid red line: the Paschen curve for air from
[Dakin,1974]

The breakdown voltage Uy as a function of pd in the uniform field (the Paschen curve
for air from [Dakin,1974]) was plotted in Figure 6.5 and compared with the breakdown
voltage obtained for different values of K* for air with the relative humidity of 50%

RH at room temperature and atmospheric pressure.

It can be seen that at room temperature and atmospheric pressure, the breakdown
voltage for 50% RH air, for pd ~ 10 kPa-cm, and K*=8 is ~ 3.81 kV, the lowest
breakdown voltage for K*=12 is ~ 4.22 kV, the lowest breakdown voltage for K*=18
is~4.74 kV.
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Figure 6.6 Uy as a function of pd for 100%RH air. Solid red line: the Paschen breakdown curve,
[Dakin,1974]

Figure 6.6 shows the breakdown voltage Uy for air with the relative humidity of
100%RH obtained for different value of K* (K*=8, K*=12 and K*=18) and compared
with the Paschen curve [Dakin,1974].

There is a clear trend of increasing Upr with pd in the range of above ~1 kPa-cm. The
values of Upr at pd ~10 kPa-cm for different value of K* are: ~ 3.82 kV for K*=8; ~
4.23 kV for K=12; ~ 4.75 kV for K*=18.

193



TABLEG6.4

Breakdown voltages for specific values of pd for air with different RH based on
Equation 6.12

pd
Ubr
0.203 1.01 10.1 101 1010
kPa-cm kPa-cm kPa-cm kPa-cm kPa-cm

K*=8 | 0449kv | 0846kV | 3.78kV | 266kV | 246 kV

RH=

o | K712 | 0663kv | 104KV | 419KV | 275kV | 247kV
K*=18 | 117kv 129kV | 472kV | 288kV | 249kV
K'=8 | 0449kv | 0846kV | 381kV | 272kV | 253kV

RH=

co0s | K 712 | 0663kV 104KV | 422KV | 281kV | 254KV

=18 1 117kv 120kV | 474kV | 293kV | 256 kV

K*=8 | 0.449kv | 0846kV | 3.82kV | 27.4kV | 256 kV

RH=

K*=12
100% 0.663kV | 1.04kv | 423kv | 283kV | 257KV

k*=18 | 117kv 129kV | 475kV | 295kV | 259kV

To compare Uy for specific values of pd at room temperature and atmospheric
pressure for humid air, the breakdown voltage values were obtained by Equation 6.12
(Table 6.4). For pd values of 0.203 kPa-cm and 1.01 kPa-cm, the obtained breakdown
voltages are almost the same for air with 0% RH, 50% RH and 100% RH. For pd of
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10.1 kPa-cm, 101 kPa-cm and 1010 kPa-cm, the values of Uy slightly increase with

the increasing relative humidity.

Uyr for specific values of K* is given in Table 6.4, when pd ranges from ~0.2 kPa-cm
to ~10 kPa-cm. The breakdown voltage for different values of K* varies; however,
when pd ranges from ~100 kPa-cm to ~1000 kPa-cm, it becomes similar for different

value of K*.

It can be found that at the room temperature and atmospheric pressure for all
investigated RH values, the minimum breakdown voltage for K*=8 is ~ 0.4 kV at pd
~ 0.2 kPa-cm, the minimum breakdown voltage for K*=12 is ~ 0.6 kV at ~0.2 kPa-cm,

and the minimum breakdown voltage for K*=18 is ~ 1 kV at ~0.3 kPa-cm.

I I Il I | I
100 3
?, 0 E E
=
i
1E E
0.1 sl gl Ll bl AR AT | s anul 1
0.01 0.1 1 10 100 1000
Pd (kPa-cm)

Figure 6.7 Uy as a function of pd for dry air. Paschen curves for air [Dakin,1974]: solid red line.
Points were obtained by Equation 6.11 and 6.12 for K*=8, K*=10, K*=12, K*=18
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Upr as a function of pd for dry air is shown in Figure 6.7. The points (Uypr) were
obtained by Equations 6.11 and 6.12 for K*=8, K*=10, K*=12, K*=18. As compared
with the Paschen curves for air obtained from [Dakin,1974], it can be seen that the
breakdown voltage values obtained for K*=8 are in line with the Paschen curve for the
pd in the range from ~ 0.2 kPa:cm to ~ 0.7 kPa-cm. Upr for K*=10 agrees with the
Paschen curve for pd in the range from ~ 0.7 kPa-cm to ~ 3.6 kPa-cm; Upr for K*=12
is matching the Paschen curve for pd in the range from ~ 3.6 kPa-cm to ~ 15 kPa-cm.
Upr for K*=18 is close to the Paschen curve for pd in the range from ~ 15 kPa-cm to ~
207 kPa-cm.

6.4 Discussion

This chapter analyses the breakdown characteristics of air with different relative
humidity levels, 0%, 50%, and 100% in the uniform field, at room temperature and
atmospheric pressure. The effective ionization coefficient for humid air was obtained
as a function of the reduced electric field. Also, the critical field obtained for air with
different humidity levels and the breakdown voltage as a function of the product of
the pressure and the gap between electrodes was obtained based on the streamer

breakdown criterion.

The effective ionization coefficient for humid air as a function of the reduced field
was obtained using the BOLSIG+ solver based on the molar fraction of each species
(N2, O2 and H20) in air with relative humidifies of 0%, 50% and 100%. The obtained
results have been fitted with the analytical fitting curves (exponential functions) using
OriginPro (v.2021) graphing software in the field range from ~ 100 Td to ~ 5000 Td.

The critical field, E/Ncr, was obtained from the effective ionization coefficient curves :
this is the field at which the effective ionization coefficient equals zero. It was
established that higher humidity leads to a higher critical field (at 300K and 101.3
kPa). It can be attributed to the fact that when the molar fraction of water vapour in

air increases, the probability of collision of electrons with water molecules also
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increases, which leads to the formation of negative ions, causing the reduction in the
number of free electrons. Hence, a higher field must be applied to meet the conditions

of breakdown.

The breakdown voltage for air with the relative humidity of 0%, 50% and 100% as a
function of pd in the range from ~0.1 kPa-cm to ~2000 kPa-cm was obtained based on
the streamer breakdown criteria. It has been found that the breakdown voltage has
almost the same value for all investigated values RH, 0%, 50% and 100% for the same
K™ (in the present work K*=8, K*=12 and K*=18 were used).

It is also shown that the breakdown voltage increases with increasing in value of K*
for pd in the range from ~0.2 kPa-cm to ~10 kPa-cm. A significant difference in Upr is
observed for different values of K* in this range of pd. However, the obtained
breakdown voltage becomes comparable with the breakdown voltage provided by the

Paschen curve for pd in the range from ~100 kPa-cm to ~1000 kPa-cm.

The results obtained in this chapter show the limitation of modelling of the breakdown
voltage based on the streamer breakdown criterion when the dependent value in
Equation 6.12 changes only slightly. That may be due to the fact that the streamer
breakdown criterion includes only the basic swarm parameters (the effective
ionization coefficient), and does not include other swarm parameters, such as the
mobility and the diffusion coefficient. Thus, further investigation of the breakdown
characteristics of humid air is required to obtain accurate description of the breakdown

voltage.
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Chapter 7 Conclusions and future work

7.1 Introduction

This chapter provides the main conclusions based on the work presented in this thesis:
the simulation results obtained using the drift-diffusion and kinetic models, the
experimental results on HV impulsive breakdown, and the analysis of the breakdown
characteristics for air with different relative humidity. The main achievements of this

research project are summarized, and potential future work is proposed.

7.2 Conclusions on the presented work

7.2.1 Analytical breakdown characteristics of air, N,
CO; and SFs

The present research was aimed at further understanding the pre-breakdown processes
and time-field breakdown characteristics of different gases (air, N2, CO2 and SFe). The
simulation results obtained by the drift-diffusion and kinetic models demonstrated a
good agreement with the experiment data available in the literature in the wide range
of electric fields, from ~10? Td up to ~2-10* Td.

The accurate analytical representation of the swarm parameters for air, N2, CO>, and
SFs in the wide range of electric fields has been obtained and analysed in Chapter 3.
These parameters include the ionization coefficient, the attachment coefficient, the
effective ionization coefficient, the critical field, and the mobility of electrons. The
analytical expressions for the reduced effective ionization coefficient a,s¢/N (E/N)

have been obtained for all studied gases. For the first time, the analytical expressions
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for the swarm parameters have been obtained for the fields up to ~ 10* Td. These
analytical expressions can be used in the drift-diffusion and kinetic models to obtain

the breakdown parameters of the investigated gases.

The critical field then has been obtained at the condition when the a,f/N =0, the
obtained values are: ~94 Td for air, ~60 Td for N2, ~86 Td for CO>, and ~360 Td for
SFe. These values of E/N¢r show a good agreement with the experimental data

available in the literature.

The validity ranges of the effective ionization coefficients for different gases have
been extended up to: 1500 Td for air, ~5000 Td for N2, 10000 Td for CO3, and 5000
Td for SFe in Section 3.2.

Moreover, the accurate analytical functions of the product of the electron mobility and
the number density, UeN, for all investigated gases were obtained for the fields in the
range from 100 Td to 1000 Td. These functions are based on the experimental

measurements and simulation results reported in the literature.

The obtained swarm parameters were used in the simulations presented in Chapter 4:
in the drift-diffusion model and kinetic models. These two models have been
employed because they can compare different approaches and allow for the
breakdown process to be investigated over time. Thus, the time-field breakdown
characteristics for air, N2, CO2, and SFs have been obtained.

The drift-diffusion model has been developed in COMSOL Multiphysics software in
which the partial differential equations describing the transport of the charge species
in plasma have been constructed and solved. These continuity equations were solved
for the electrons and positive and negative ions. Then the number densities of the
charged species were used to solve the Poisson equation for the electric field, which

is modified by the space charge determined by the number density of specific particles.
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The development of the fast plasma ionization fronts in air, N>, CO2 and SFe at
atmospheric pressure and room temperature in the parallel-plane electrodes has been
modelled. This model was used to investigate the development of negative ionization
fronts (streamers) in these gases. Additionally, a new breakdown criterion based on
the (almost) uniform electron distribution along the gap behind the ionization front
has been introduced to identify the breakdown voltage and formative time to
breakdown. It has been found that the simulation results obtained by the drift-diffusion
model show that the velocity of the ionization front increases with an increase in the
distance over which the ionization front propagates. These velocities increase with an
increase in the applied electric field. The fast ionization front in CO; has a velocity
similar to that in air; the ionization front in N2 has a lower velocity than that in air and
COg; the ionization front in SFe has the lowest velocity as compared with other gases
(at ~360Td).

The kinetic model based on the streamer breakdown criterion has been used to obtain
the breakdown characteristics of the studied gases air, N2, CO2 and SFg using the
analytical effective ionization coefficients and the mobilities obtained from Chapter 3.

In this model, the time-field characteristics have been obtained based on the streamer
breakdown criterion. In order to classify the breakdown/discharge process based on
their physical mechanisms, a new approach has been developed, which takes into

account the Townsend breakdown criterion and the streamer breakdown criterion.

These discharge/breakdown criteria were used to classify the nature of discharges in
the Nt(Nd) diagram. Depending on the Townsend discharge and streamer breakdown
conditions, the critical avalanche time (Nt)avalancne and the critical streamer time

(Nt)streamer for air, N2, CO2 and SFs were obtained.

These conditions provide a relationship between Nt and Nd for different breakdown
mechanisms. It has been found that if Nt > (Nt)avaianche, it satisfies the Townsend
discharge condition; if Nt < (Nt)avaianche, the Townsend avalanche requirements are

not met; if Nt < (Nt)streamer, the condition for the streamer breakdown can be achieved.
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If Nt > (Nt)streamer, Streamers will not be formed; if Nt is in the range of (Nt)avaianche <
Nt < (Nt)streamer Neither Townsend discharge nor streamer breakdown criteria will be

satisfied. This specific range of Nt requires further analysis and investigation.

The drift-diffusion and kinetic models provide the time-field breakdown
characteristics for air, N2, CO, and SFs in the wide range of electric fields, from ~102
Td up to ~2-10* Td.

A good agreement has been observed between these analytically obtained
characteristics and the experimental data available in the literature, including
[Felsenthal, 1965], [Fletcher, 1949], [Gould, 1956]. These results confirm that the
proposed simulation models can be used to obtain reliable results on the evolution of
the pre-breakdown ionization fronts in different gases.

7.2.2 Experimental Impulsive breakdown characteristics
of air, N2 and CO>

The experimental part of the thesis was aimed at a systematic investigation of the time-
field breakdown characteristics of the selected gases in a point-plane electrode

configuration.

The breakdown characteristics have been obtained using short sub-ps impulses of both
polarities. The obtained experimental data were compared with the analytical time-
field characteristics obtained by the kinetic model.

The experimental work, which presented in Chapter 5, was focused on the impulsive
breakdown characteristics of air, N2, and CO: in the divergent electric field at sub-ps
timescale. The test cell of point-plane electrode geometry used a needle with the radius
of the tip electrode of ~80 um and a gap separation of 0.1 mm was used. The pressure
was in the range of 6.5 kPa to 405 kPa, and the HV impulses with a rising time of ~50
ns of both polarities were applied to stress the point electrode.
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The model of the pulse generator circuit, including parasitic capacitances and
inductances, has been developed in the PSpice software package. This model
demonstrated that this pulsed power generator is capable of producing HV impulses
with a rising time of ~ 50 ns and duration of ~250 ns. Based on the PSpice model, the
practical Blumlen pulsed power system was configured to generate ~250 ns impulses

used in the breakdown tests.

In the present tests, the breakdown events were registered on the leading edge of the
applied HV impulses, in line with the methodology described in [Krile, 2006] and
[Levko, 2019]. These impulses were used to obtain the breakdown voltage Upr.ch and
the pre-breakdown time tyr for all tested gases.

It was established that these breakdown parameters were determined by the rising
slope, dV/dt, of the impulses. This dependency is reflected in the obtained impulsive

volt-time characteristics.

It was also found that the breakdown voltage, Ubrch, Obtained in the present
experimental conditions is several tens of times higher than the static DC breakdown
voltage for air, N2 and COg; the combination of high dV/dt and short gap result in
significant overvoltage achieved in this topology, when stressed with HV pulses with

a rise time shorter than ~50 ns.

Analysis of the obtained experimental data required the uncertainty budget which was
completed in the present work. A confidence level of 95% was used in the statistical

analysis of the obtained breakdown data.

The time-varying field characteristics obtained under impulsive energization differ
from the parameters obtained under DC energization [Levatter, 1980]. Thus, the
results obtained in the present work are of particular importance for further

understanding of the fast, sub-ps transient breakdown processes.
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The relationships between the breakdown time, the breakdown field, the gas number
density and the inter-electrode gap for air, N2 and CO2 have been investigated in the
present work. The obtained experimental breakdown characteristics have been
compared with the simulated breakdown characteristics and the data from the
literature. The following characteristics have been investigated for all tested gases: the
field-distance characteristics (Etip/N as a function of Nd), the time-field characteristics
(Ntor as a function of Eip/N), and the time-field characteristics (Ntor as a function of
Etip/N).

It has been found that the values of Ntyr obtained in the impulsive experimental tests
in the field range from ~2 - 10% Td to ~2 - 10* Td are significantly higher than the
analytical Ntyr values obtained from the kinetic model as indicated in Figures 5.21-
5.23. This discrepancy can be attributed to the fact that the total breakdown time is
significantly longer than the nominal formative time, which is provided by both
analytical models.

The results obtained in the present experimental work can be used in future research
on the fast breakdown processes in gases. They will help to develop different gas-
insulated components for the HV pulsed power systems, such as fast plasma closing
switches filled with environmentally friendly gases and gas-insulated systems for the
power industry, such as GIS (Gas Insulated Switchgear).

7.3 Novelty and contribution to the field of study

The findings from this research make several contributions:

e For the first time, accurate analytical expressions for the effective ionization
coefficient for air, N2, CO», and SFe have been obtained in a wide range of
electric fields, up to ~ 10* Td.
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The values of the critical electrical field for different gasses, dry air, N2, COg,

and SFs, have been obtained.

Accurate analytical description of the electron mobility in dry air, N2, CO»,
and SFg have been obtained for the electric field up to ~ 10° Td.

The development of fast ionization fronts was modelled using the drift-
diffusion model, underpinned by the obtained analytical expressions for the

swarm parameters.

The breakdown criterion has been introduced in the drift-diffusion model. This
criterion is based on the electron density distribution behind the ionization
front. Thus, the field-time breakdown characteristics for air, N2, CO2, and SFs
have been obtained using the drift-diffusion model.

The time-field breakdown characteristics of air, N2, CO. and SFe have been
obtained using the Kkinetic model, based on the accurate analytical

representation of the transport and ionization parameters.

In the present study, the impulsive time-field breakdown characteristics of air,
N2 and CO: have been obtained in the pressure range from 6.5 kPa to 405 kPa
using the needle-plane electrode topology with a gap of 100 um; HV impulses

with a rise time of ~50 ns were used in this study.

Analytical investigation of the breakdown characteristics of air with different
relative humidity levels have been conducted based on the streamer breakdown

criterion.

Allometric functions have been used to obtain the scaling relationships E/N(Nd)

for air, N2 and COz in the range of particle densities from ~ 10%° 1/m? to ~ 10?2
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1/m?. It has been found that this scaling is also valid in a wider range of Nd,

up to ~ 10%* 1/m?, which is supported by previous studies.

e It is envisaged that the results obtained in this work can be used in the
modelling of partial discharges in different dielectrics. The developed drift-
diffusion model can be used for the detailed analysis of the charge transfer
during partial discharge(s) in gas-filled voids in solid and liquid insulation, and
will help to estimate the timescale of such processes, which in turn will help
to understand the bandwidth of the emitted electromagnetic impulses .

7.4 Future work

The breakdown characteristics in the uniform field for air with different levels of
relative humidity at room temperature and atmospheric pressure based on the streamer

breakdown criterion have been obtained in Chapter 6.

However, the obtained results show that the breakdown voltage obtained by the
proposed approach changes slightly with an increase in the humidity level in air. That
may be due to the fact that the streamer breakdown criterion, Equation 6.12, includes
only the basic swarm parameters, (the effective ionization coefficient) and does not

include other swarm parameters, such as the mobility and the diffusion coefficient.

Therefore, the accuracy in analysis of the breakdown characteristics of humid air may
be improved if additional swarm parameters may be used in the drift-diffusion model
to obtain more accurate results on the breakdown characteristics of humid air.

With regards to the impulsive breakdown experiments, further work may focus on
changing the gap length between the electrodes to obtain the breakdown

characteristics in a wide range of inter-electrode distances for different gases.
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The reliability of insulation systems is a critical factor in the safe operation of high
voltage systems. When fast transients occur, the electrical insulation components and
elements of high voltage power systems may experience significant electrical stresses,
which will cause acceleration of the degradation in the electrical insulation systems.
Transmission cables, for example, are exposed to high harmonics leading to lifetime

degradation caused by electrical tree growth and partial discharge.

The drift-diffusion models can be used in future research to investigate the breakdown
characteristics and partial discharge processes in power cables in order to predict

insulation faults.
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Appendix A: Swarm parameters

Appendix A presents the swarm parameters used in both hydrodynamic and kinetic
models. The reduced effective ionization coefficient aert = (o - 7)/N (m?) is given as
a function of the reduced electric field E/N (Td, 1Td=10%! V-m?) for different ranges
of E/N for all investigated gases. The gas pressure used in all parameters in the present
work is equal to 10° Pa, which provides the corresponding value of the particle number
density of N = 2.5-1025(1/m3) at room temperature. Tables | — IV provide all

transport and ionization coefficients used in the present paper for all investigated gases.
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TABLE |

Swarm parameters of air in present model

Parameter ~ Value/function used in the present paper References
m?2 [Kulikovsky, 1997]
D(—) 0.18
S [ Kang, 2003]
m?2 3.361-10%*(E/N)~°222 /N Obtained in the
He 5 10Td < E/N < 1000Td present paper
2 [Morrow, 1997]
0 () 2.34-107
PYV-s [Chen, 2017]
2.7-107*
m? E/N > 50Td
thy (—) [Morrow, 1997]
V-s 1.86-107*
[Chen, 2017]
E/N < 50Td
[Morrow, 1997]
3
B (m_) 2-10713 [Georghiou, 2005]
S
[Hallac, 2003]
4 - 10—20 . exp_gss/((%)""w) _ (30
aeff( 2y -1072%) Obtained in the
N present work

94Td < E/N < 1500Td

Models without taking into account Di: [Hallac, 2003], [Morrow, 1997], [Georghiou,
2005], [Ducasse, 2007]
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TABLE I

Swarm parameters for N2 used in the present model

Parameter ~ Value/function used in the present paper References
m? .
D(—) 0.18 [Vitello, 1994]
S
m2 1.7 - 10%*(E/N)™ %99 /N Obtained in the
He (59 50Td < E/N < 1000Td present paper
2 [Davies, 1966],
M (m_) 25-107* .
PV-s [McDaniel, 1973]
m?® -13
I (T) ~1-10 [Douglas, 1973]
E
1710720 . 730/ (%)->
derf (m?) .
N 60Td < E/N < 350Td Obtained in the
_a _ _ E resent work
= N 3-10 20 , exp 1000/(N) p

350Td < E/N < 5000Td

Present model for N2, #=0 [Vitello, 1994], [Davies, 1971], [Kulikovsky, 1994]
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TABLE I1I

Swarm parameters for SFs used in the present model

Parameter  Value/function used in the present paper

References

D(mz) 3.553 1072 (E/N)°*2%2*
S E/N < 650Td
(mz 3.085-10%* - (E/N)~ %284 /N
Ue . o
Vs 25Td < E/N < 4000Td
m? 6.0-1075
Ko (m)
E/N < 120Td
E
1.216-10751In (ﬁ) +0.01-107*
120Td < E/N < 350Td
E
—1.897-107°In (N) +1.83-107*
E/N > 335Td
(mz 1.69-1071° (E/N)% + 0.53 - 107*
Un . o
Vs E/N < 500Td
m?3 ~10-10713
B (T)
a E
%(mz) ~9.06- 10720 - ¢~®@/2875 4 (g
-10720)

360 < E/N < 5000Td

[Morrow, 1986]

Obtained in the

present paper

[Morrow, 1986]

[Morrow, 1986]

[Jungblut, 1989]

Obtained in the

present work

Models without taking into account D;: [Dahli, 1987]
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TABLE IV

Swarm parameters for CO2 used in the present model

Parameter ~ Value/function used in the present paper References

m? [Schlumbohm,
D(—) ~0.1
s 1965a]
m2 8.68-10%* - (E/N)~ 0416 /N Obtained in the
be (775) 151Td < E/N < 6062Td present paper
Data from

652105 W)/ 1 (696  [Viehland,

o (G5 -1075) 1995, Fitting
50Td < E/N < 1200Td equation from
the present work
Data from
6.47 - 1075 - exp(F)-74)/867) [Viehland,
2
m - -
n (G5 +(1.22-107%) 1995], Fitting
5Td < E/N < 150Td equation from
the present work
m3 -13 .
B ~1-10 [Ponduri, 2016]
4.3-10720 . exp=986/((E/N)+49) _ (30
. 10—24—)
Aeff Obtained in the
— (m?) 86Td < E/N < 1100Td
N present work

6.07 - 10—20 . 6_1414/(E/N)

1100Td < E/N < 10000Td

226



Appendix B: List of figures and tables

Appendix B summarises the list of figures and tables in this thesis.

B.1 List of figures

Figure 2.1  a /N, 5 /N, aer/N as function of E/N in air [Morrow, 1997]

Figure 2.2  The effective ionization coefficient and critical field for air [Morrow,
1997] and SFs [Morrow, 1986].

Figure 2.3 (@) lonization reaction between a free electron and neutral molarcule
[Go, 2018] (b) Avalanche breakdown mechanism [Faircloth, 2014]

Figure 2.4  Paschen breakdown curve. Air: red line [Dakin,1974], N2: green line
[Dakin,1974], SFe: blue line [Dakin,1974], CO.: black line [Ollegott, 2020].

Figure 2.5 (a) Distribution of charged particles and (b) electric field in an
avalanche [Faircloth, 2014]

Figure 2.6  (a) Negative streamer and (b) positive streamer [Dubinova, 2016]
Figure 2.7  Basic PFL circuit
Figure 2.8 Blumblein circuit

Figure 2.9  Output voltage waveform of Blumlein circuit
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Figure 3.1.1 aer/N as a function of E/N in air. Experimental data: [1, [Sanders,

1933]; x [Masch, 1932]. Fitting curves: dashed line, [Eichwald, 2018]; short, dashed
line, [Kulikovsky, 1997]; grey short, dotted line, [Morrow, 1997]; dashed dotted line,
[Nikonov, 2001]; solid grey line, [Sandia, 2003]; black short dotted line, [Widger,
2014]. Fitting curve: solid blue line, the present work. Es/N represents the transition
between different fitting curves from [Sandia, 2003] and [Nikonov, 2001]; Emax/N
represents maximum value of E/N for fitting curves [Kulikovsky, 1997] and [Eichwald,
2018].

Figure 3.1.2 A zoomed view of Figure 3.1.1 in the range of the normalized electric
field E/N from ~300 Td to ~1500 Td.

Figure 3.2.1 The effective ionization (a)/N in m? as a function of reduced electric

field E/N in Td for N2. <: experimental data from [Bowls, 1938], O: experimental

data from [UNAM database, 2022], Dash: fitting curve from [Sandia, 2003], Dot:
fitting curve from [Davies, 1978], [Dhali, 1987], [Vitello, 1994], Solid blue line:
fitting curve obtained in the present work (60Td < E/N < 5000Td).

Figure 3.2.2 A zoomed view of Figure 3.2.1

Figure 3.3.1 aeff/N as a function of E/N in CO». Experimental data points: x

[UNAM database, 2022], OO, O, V, A and <>, [Dutton database, 2022]. Fitting

curves: bold solid line, [Raizer, 1991]; solid line, the present work.
Figure 3.3.2 A zoomed view of a section of Figure 3.3.1
Figure 3.4.1 aeri/N as a function of E/N in SFs. Experimental data: O

[Christophorou, 2000]. Fitting curves: dashed line, [Morrow, 1986]; solid blue line,
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the present work. Es/N represents the transition between different fitting curves from
[Morrow, 1986].

Figure 3.4.2 A zoomed view of the part of Figure 3.4.1

Figure 3.5 HeN as a function of E/N for air. Simulation data from literature: O

[Chen, 2018]. Fitting curves for the present work (Table 3.6): dark line, air.

Figure 3.6 HeN as a function of E/N for N2. Experimental data from literature: A,

[Hasegawa, 1996]. Fitting curves for the present work (Table 3.7): dark line, Na.

Figure 3.7  peN as a function of E/N for CO». Experimental data from literature: <,
[Schlumbohm, 1965b]. Fitting curves for the present work (Table 3.8): dark line, COx.

Figure 3.8 N as a function of E/N for SFe. Simulation data from literature: []

[Christophorou, 2000]. Fitting curves for the present work (Table 3.9): dark line, SFe.

Figure 4.1 Computational domain of the drift-diffusion model

Figure 4.2 Calculation procedure for the breakdown voltage Upr and time to

breakdown tyr.

Figure 4.3 Distribution of electron density in Air (E=115kV/cm, 1atm)

Figure 4.4 Distribution of electron density of drift-diffusion model in Air (E=60
kV/cm).

Figure 4.5 Ntbr as function of E/N for Air obtained by Equation 4.19. Dark line,
Air.
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Figure 4.6 Ntor as function of E/N for N2 obtained by Equation 4.19. Dark line, N>.

Figure 4.7 Ntor as function of E/N for CO. obtained by Equation 4.19. Dark line,
COa.

Figure 4.8 Ntyr as function of E/N for SFe obtained by Equation 4.19. Dark line,
SFe.

Figure 4.9 Nty as function of (E/N)br, obtained by equation 4.19. Dotted line: air;
solid dark line: N2; solid grey line: CO.; dashed line: SFe.

Figure 4.10 Avalanche boundary condition and streamer boundary condition of
Nt in air, N2, CO2 and SFe.

Figure 411  Comparison of the experimental and analytical data from the literature.
(1 air, rising time of 0.5 ns [Babich, 2016]; A air negative polarity (monocone)
[Carboni, 2001]; V air positive polarity (monocone) [Carboni, 2001]; <] N2 negative
polarity (monocone) [Carboni, 2001]; > N positive polarity (monocone) [Carboni,
2001]; < air, rising time of 1us [Babich, 2016]; o air [Kawada, 1988]; * air [Shao,
2006].

Figure 412 Nominal average velocity of the ionization front, v, as a function
of E/N. @ air; [] No; V CO2; A SFs. Connecting lines are given for visual guidance

only.

Figure 4.13  Ntyr as a function of (E/N)or in air. = Experimental data, O [Felsenthal,

1965]; A negative polarity (monocone) [Carboni, 2001]; V positive polarity
(monocone) [Carboni, 2001]; @ Drift-diffusion model, Equation 4.2 - 4.6; — Kinetic

approach, Equation 4.19.
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Figure 4.14 Ntor as a function of (E/N)or in N2. Experimental data: 0 [Felsenthal,
1965]; Anegative polarity (pointplane),V negative polarity (monocone) [Carboni,
2001]; < positive polarity (pointplane), O positive polarity (monocone) [Carboni,

2001]; @ Drift-diffusion model, Equations 4.2 - 4.6; — Kinetic approach, Equation
4.19.

Figure 4.15 Ntor as a function of (E/N)or in CO2. Experimental data: Anegative
polarity [Kumar, 2021]; V positive polarity [Kumar, 2021]; @ Drift-diffusion model,
Equations 4.2 - 4.6; — Kinetic approach, Equation 4.19.

Figure 416  Ntyr as a function of (E/N)or in SFe. Experimental data, O [Felsenthal,
1965]; A [Carboni, 2001]. @ Drift-diffusion model, Equations 4.2 - 4.6; — Kinetic

approach, Equation 4.19.

Figure 4.17  (E/N)u for investigated gases for specific values of Ntpr. A2-107 (s/m®);
A 5.10% (s/m®); O 1-10% (s/m3); M 3-10% (s/md).

Figure 5.1 Schematic diagram of the test cell (not in scale) with the needle-plane

electrode configuration

Figure 5.2  Photograph of the gramophone needle tip with ~80um radius under

microscope

Figure 5.3  Size of needle and plane

Figure 5.4  Photograph of the needle plane test cell

Figure 5.5  Gas control and distribution board and botted gasses
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Figure 5.6 Experimental arrangement incorporating Blumlein-based HV pulse

generator, test cell and diagnostic instruments.

Figure 5.7 Arrangement of Blumlein circuit

Figure 5.8 Voltage and current waveform for breakdown event in air (304 kPa).

Ubrchand tyr are shown in this Figure

Figure 5.9 RLC Lumped-element circuit of the HV pulse generator and the test

cell

Figure 5.10 Calculated inductance values for a wire with ~1.6 mm diameter
(Equation 5.5) as a function of wire length

Figure 5.11 A positive impulse voltage waveform across the needle-plane test cell,
obtained by the PSpice model shown in Figure 5.9 at the condition of the charging
voltage of 10 kV was applied.

Figure 5.12  (a) A negative impulse voltage waveform across the needle-plane test
cell, obtained by the PSpice model shown in Figure 5.9 at the condition of
interchanging A-B to C-D and the charging voltage of 10 kV was applied. (b) Practical

waveforms provided by the HV pulse generator.

Figure 5.13 Configuration of the needle plane topology simulation in Quickfiled

software

Figure 5.14 The 2D distribution of the electric field in the needle-plane topology by

QuickField software

Figure 5.15 Breakdown voltage against the breakdown test number for all tested

gases (a) Positive polarity - breakdown voltage for air. (b) Negative polarity -
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breakdown voltage for air. (c) Positive polarity - breakdown voltage for N». (d)
Negative polarity - breakdown voltage for N2. (e) Positive polarity- breakdown

voltage for COo. (f) Negative polarity- breakdown voltage for CO>.

Figure 5.16  The breakdown voltage, Ubr-ch, as function of tor, positive polarity: m
air; @ N2; A COg. Solid lines show fitting curves for each gas obtained by Equation
5.10. The error bars show the 95% confidence interval in the breakdown voltage and

time to breakdown.

Figure 5.17  The breakdown voltage, Upr-ch, as function of tor, negative polarity: [J
air; o N2; A CO». Dashed lines show fitting curves for each gas obtained by Equation
5.10. The error bars show the 95% confidence interval in the breakdown voltage and

time to breakdown.

Figure 5.18 Etp/N as a function of Nd in air. Experimental data: o, negative polarity
(the present work); e, positive polarity (the present work); A\, negative polarity

(monocone) [Carboni, 2001]; A, positive polarity (monocone) [Carboni, 2001]; [,
[Shao, 2006]. Solid line, fitting curve, Equation 5.11.

Figure 5.19  Euip/N as a function of Nd in N.. Experimental data: o, negative polarity
(the present work); e, positive polarity (the present work); A, negative polarity
(pointplane) [Carboni, 2001]; A, positive polarity (point-plane) [Carboni, 2001]; m,
[Cai, 2010]; L1, [Dick, 2000]. Solid line, fitting curve Equation 5.11.

Figure 5.20  Esip/N as a function of Nd in CO». Experimental data, the present work:
o, negative polarity; e positive polarity. Experimental data [Kumar, 2021]: A,

negative polarity; A, positive polarity. Solid line, fitting curve Equation 5.11.

Figure 5.21  Field-time breakdown characteristic for different gases. Kinetic model,
Equation 4.19, Ntr as a function of E/N: air, dotted line; N2, solid dark line; CO., solid
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gray line; SFs, dashed line. Experimental results obtained in the present work, Nty as
a function of Esip/N: air, [Jnegative polarity, mpositive polarity; N2, onegative polarity,

epositive polarity; CO2, Anegative polarity; A positive polarity.

Figure 5.22 Field-time breakdown characteristic for air. Experimental data from the
present work, Ntor as a function of Etp/N: o negative polarity; e positive polarity.
Fitting curves obtained in the present work: dash dotted line, fitting curve Equation
5.13. Experimental data and analytical data from the literature: /A negative polarity
(monocone) [Carboni, 2001]; Apositive polarity (monocone) [Carboni, 2001]; x
[Shao, 2006]; < [Mankowski, 1998]; [, [Felsenthal, 1965]; dashed line [Martin,
1991]; mDrift-diffusion model; solid dark line, Kinetic model Equation 4.19, Nt as a
function of E/N.

Figure 5.23 Field-time breakdown characteristic for No. Experimental data from the
present work, Nty as a function of Egp/N: o negative polarity; e positive polarity.
Fitting curves for the present work: dash dotted line, fitting curves from the Equation
5.13. Experimental data and analytical data from literature: A\, negative polarity
(point-plane) [Carboni, 2001]; V, negative polarity (monocone) [Carboni, 2001]; +,
positive polarity (point-plane) [Carboni, 2001]; ¥, positive polarity (monocone)
[Carboni, 2001]; x [Shao, 2006]; <> [Mankowski, 1998]; LI [Felsenthal, 1965]; dashed

line [Martin, 1991]; m Drift-diffusion model; solid dark line, Kinetic model Equation
4.19, Ntr as a function of E/N .

Figure 5.24  Field-time breakdown characteristic for CO,. Experimental data from
the present work, Nty as a function of Eiip/N: o negative polarity; e positive polarity.
Fitting curves for the present work: dash dotted line, fitting curves from the Equation
5.13. Experimental and analytical data from literature: Anegative polarity (rod-plane)
[Kumar, 2021]; V positive polarity (rod-plane) [Kumar, 2021]; dashed line [Marin,

1991]; m Drift-diffusion model; solid dark line, Kinetic model Equation 4.19, Nt as a
function of E/N.
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Figure 6.1 (e-nm)IN as a function of E/N in air with relative humidity of 0% at
300K, 101.3kPa. Data from BOLSIG+ solver [Bolsig+, 2022].

Figure 6.2 (e-m)IN as a function of E/N in air with relative humidity of 50% at
300K, 101.3kPa. Data from BOLSIG+ solver [Morgan database].

Figure 6.3 (e-n)IN as a function of E/N in air with relative humidity of 100% at
300K, 101.3kPa. Data from BOLSIG+ solver [Morgan database].

Figure. 6.4 Breakdown voltage Upr as a function of pd for the air with 0%RH.

Paschen curve for air [Dakin,1974]: solid red line.

Figure 6.5 Upr as a function of pd for air with 50% RH. solid red line: the Paschen

curve for air from [Dakin,1974].

Figure 6.6 Uyr as a function of pd for 100% RH air. Solid red line: the Paschen
breakdown curve, [Dakin,1974].

Figure 6.7 Upr as a function of pd for dry air. Paschen curves for air [Dakin,1974]:
solid red line. Points were obtained by Equation 6.11 and 6.12 for K*=8, K*=10,
K*=12, K*=18.
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B.3 List of abbreviations

2D
3D
AWG
BTE
FCT

FD
FEM
FDM
FVM
GWP
HV
MUSCL
PDEs
PFL

ppt

RH

uv

Two-dimensional
Three-dimensional

American Wire Gauge
Boltzmann Transport Equation
FD Flux Corrected Transport
Finite-Difference

Finite Element Method

Finite volume method

Finite Volume Method

Global Warming Potential
High Voltage

Monotonic Upwind-centered Scheme for Conservation Law
Partial differential equations
Pulse forming line
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B.4 List of symbols

ts
Etip
E/N

(E/N)er

Ne

First Townsend ionization coefficient
Recombination coefficient
Secondary ionization coefficient
Attachment coefficient

Effective ionization coefficient

Breakdown voltage

Breakdown voltage (in present experimental work)
Total time to breakdown

Formative time

Statistical time

Electric field

Electric field of needle tip

Reduced breakdown field

Critical field

Distance from the cathode to the anode
Density of electron

Electric potential

Elementary charge

Vacuum permittivity

Relative permittivity

Density of total space charge

Drift velocity of electrons

Drift velocity of positive ions

Pressure

Partial pressure of water vapour
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D

UFront
Uionis

trise
fBandwidth
Rgas

N
(N't)avalanche
(N't)streamer

K*

ks

Total pressure

Partial pressure of the dry air
Saturation pressure of water vapour
Molar fraction of dry air

Molar fraction of water vapour
Mobility

Diffusion

Average velocity of the ionization front
lonization frequency

Rise time

Bandwidth

Specific gas constant

Neutral gas number density
Avalanche boundary condition for Nt

Streamer boundary condition for Nt

Changeable constant parameters (in the present work, K*=8,

K*=12, K*=18 was used separately)
Boltzmann constant

Coverage factor

Standard repeatability uncertainty

Standard deviation

Combined standard uncertainty

Individual standard uncertainty
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